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Abstract
Steric effects are important in synthesis. Whilst steric hindrance is well 
known in hindering reactions, steric effects can also be employed to accelerate 
reactions, in paificulai* cycloaddition reactions, and even to promote reactions that 
otherwise do not occur*.
A siu*vey is included in previous work on steric effects in chemical 
reactions, principally cycloadditions. Tlris includes a brief discussion on the 
importance of orientation and solvent effects on Diels-Alder cyclisations and ene 
reactions.
The effect o f substituents on the cyclisation o f N-allyl furfiirylamines 
has been studied. It was shown that bulky N-protecting groups enhance cyclisation, an 
effective buttress being the trityl (triphenylmethyl) group. The latter has the added 
advantage o f being particularly easy to remove. A study o f some ene reactions has 
also been caiTied out and steric acceleration o f these processes has also been 
observed. A novel reaction involving an intermolecular cycloaddition followed by a 
sterically accelerated ene reaction has also been uncovered.
Some attempts have also been made at cari*ying out these sterically 
accelerated reactions on a solid support as required in combinatorial chemistry. This 
involved the prepar ation of a new type o f substituted support, with a view to utilising 
this in a combinatorial approach to synthesis.
The structures have been supported by using a molecular* modelling package. 
Alchemy 2000 from Tripos Associates Inc.
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CHAPTER 1.
1.1. Background Survey of Steric Effects.
Introduction
Steric factors ai e important in chemical reactions and if used intelligently, can 
help control and promote reactions that otherwise do not occur.
Steric effects may either slow down a reaction (steric hhidrance) or favom* it 
(steric assistance). Any effect (steric or polar) that tends to destabilise the transition 
state only will retard the rate o f the reaction under consideration by increasing the 
activation energy; in contrast, an effect which destabilises the ground state (thus 
bringmg its energy level closer to that o f the transition state) or stabilise the transition 
state, will decrease the activation energy and therefore increase reaction rate.
The first part o f this review considers cuirent theories and illustrate how the 
reactivity o f molecules can be modified to promote cyclisation o f reactions both inter- 
and intramoleculai'ly. The most common theories that have been proposed to explain 
the spatial behaviour o f atoms or fimctional groups that enhance cycloaddition 
reactions are:
1. Thorpe-Ingold Effect*’^
2. Gem-Dialkyl Effect^’"^
3. Reactive Rotamer Effect^
The “Thorpe-Ingold Effect” is an older description of how alkyl substitution
on a central methylene carbon atom causes compression of the internal angle (since
alkyl groups occupy more space than hydrogens) thus causing an enhancement in ring
formation. When a cyclic compound is in equilibrium with an open chain derivative it
appears to be the almost invariable rule that alkyl substitution favoui's the ring
fo rm a tio n .T h is  observation is called the Thorpe-Ingold Effect. The “scissor
movement” fii'st proposed by Thorpe and Ingold, does occur* when the bulky methyl
groups replace hydrogen atoms, the former requiring more space than the latter,
resultmg in a decrease in the opposite bond angle thus “pushing” the reactive centres
A and B closer to each other (Figure 1) in order to favour ring closiue. Such a
substitution is postulated to exert a buttressing effect, which favourably influences the
approach of the 1,3-diene to the dienophile such that the mtramolecular cyclisation is
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favoured. However, subsequent studies have shown that this angle compression is 
mhior for simple alkyl (e.g. methyl) substituents and that such substitution mainly 
affects conformational preferences.
Figure 1
M e/
The effect o f alkyl substituents has been used by chemists to target compoimds 
for intermolecular* Diels-Alder cyclisations. Thus the marked rate increasing or 
decreasing effects o f alkyl substituents in the 4+2 cycloaddition o f 1,3-dienes with 
dienophiles has been observed m numerous cases and is well documented.* The 
reactivity o f a 1,3-diene increases if appropriate alkyl substituents, such as in the 2 
and 3 positions o f butadiene, move the conformational equilibrium to the s-cis form, 
which is the prerequisite 1,3-diene conformation for the Diels-Alder reaction. 
Conversely, bulky substituents at the dienophile generally have a rate-decreasing 
effect.^
Not only gem-dimethyl groups exert steric effects; other alkyl or ai*yl groups 
aie also effective. For example, Sternbach, Rossana and Onan*® worked on the 
intramolecular Diels-Alder reaction with furan as a 1,3-diene and noticed that the 
success of the reactions depended on the substituent pattern o f the bridging alkyl 
chain. Others^ ^  have noticed similar effects on heteroatom containing bridging chams 
as well as a few cases where the chain was composed o f carbons only*^. The role o f 
the gem-dialkyl functionality is to incorporate a mutual steric repulsion allowmg the 
two reacting components o f the molecule to move closer together, leading to an 
enhanced rate of cyclisation. Kh'by^ reported some striking cyclisation rate 
enhancements upon the mcorporation of suitable gem-dialkyl groups, which serves to 
‘push’ the reactive centres into closer proximity thus favoui’ing ring formation. 
Studies by Brown and van Gulick"  ^ showed the profound effect which geminal alkyl 
substitution exerts upon ring closuie.
The gem-dimethyl effect is quantitatively mteqpreted for a group o f ring 
closuie reactions, wliich lead to substituted cyclohexane systems/* The pronounced 
effect of alkyl substituents in shifting the equilibrium towai'ds the cyclic compound is 
due in part to an enthalpy effect and in pai*t to an entropy effect. The entropy and 
enthalpy effects are o f comparable importance and neither can be neglected if a 
proper interpretation o f the effect is to be made. The effect of alkyl groups on the 
entropy of ring closure is interpreted in terms o f the change m the number o f gauche 
interactions m going from the reactant to the product. The enthalpy effect, after 
allowing for the different symmetries of the compounds, is interpreted as being due 
mainly to the increased height o f the barriers to internal rotations in the acyclic 
compounds upon chain branching.**
We interpret these effects in terms o f “available conformational space”. In 
order for reactions to occur, the reacting entities have to be able to approach one 
another. Any steric effect, wliich increases the oppoitunity for the ends to spend more 
time in proximity to one another, will increase the chances o f reaction. Any steric 
buttiess that restricts the formation of non-productive conformers to form will also 
enhance reaction.
The above examples show that the gem-dialkyl effect may be used to enhance 
yields o f cyclisations. However, there are numerous examples where the gem-dialkyl 
effect cannot be used to explain the observed rate enhancement. For such cases, an 
alternative explanation for the increase in rate o f cyclisation on substitution is that 
there is a higher population o f reactive syn rotamers due to alkyl substituents on the 
chain connecting the reaction centers,*'* an effect that has been termed as the 
“Reactive Rotamer Effect”  ^which is more or less the same as the gem-dialkyl effect. 
A detailed description with several examples involving steric acceleration of 
mtramolecular cycloaddition reactions aie available from the previous research 
work.**’***
1.2. Intramolecular Diels-Alder Reactions using the Furan Diene.
The intramolecular Diels-Alder reactions is a powerful method for the rapid 
construction of polycyclic organic skeletons. In order for the intramolecular" Diels- 
Alder reaction to become an accepted basic strategy for the construction of complex 
molecules, one has to consider the limitations in terms of 1,3-diene and dienophile 
substitution patterns upon the feasibility o f the cyclisation, the structural features 
which primarily influence the rate o f cyclisation as well as the structural features 
which influence transition-state selection leading to stereoselectivity. As far as Diels- 
Alder cycloadditions involving furan as the diene are concerned, cycloaddition can 
only occur when the substrate adopts a conformation in which the furan and the 
dienophile are geometrically disposed for n o v erlap .T h is  conformation is usually 
achieved by using bulky steric buttresses. Normally, for reactions involving furan, an 
electron deficient dienophile is required. Homo-Lumo considerations determine that 
intermolecularly, the cyclisation o f an unactivated alkene across the firran diene is 
thermodynamically unfavour ed.
Stereochemical control in the intramolecular* Diels-Alder reaction as well as 
structural and electronic effects on reactivity and selectivity were studied by 
Boeckman, Jr., and Ko.*^ They investigated the cyclisation reactions o f a series of 
triene lactones activated by various electron-withdrawing groups at the end of the X- 
Y chain as in (D) (Figure 2 a). They characterised and determined the stereochemistry 
of the 4+2 cycloadducts resulting fi'om intramolecular* Diels-Alder* cycloaddition 
reactions (1-6) (Table 1).
They found that m all the cases studied, /ra«.y-hydrrndene systems were 
produced exclusively, although the rates of the cyclisation varied dramatically. This 
effect was interpreted on the basis o f steric inliibition of resonance in the dienophile.
Figure 2 a
(C)
Table 1
Effects of electron withdrawing groups X and Y on cyclisation reactions of the 
lactones C and D
c X Y
1 COOCH3 COOCH3
2 COOCH3 CN
3 COO-t-Bu CN
4 CN CN
5 COOCH3 H
6 CN H
D X Y
7 COOCH3 COOCH3
8 COO-t-Bu CN
9 COOCH3 CN
The effects o f geminal substitution (7-9) (Table 1) in the connecting chain (D) 
to give the cycloadduct (Figure 2 b) did not change the stereochemistry but a rate 
enhancement o f ~ 4x was observed. This should be due to the conformational effect 
o f the geminal substitution, which mcreases the population o f conformers disposed to 
undergo cycloaddition. Acceleration o f a cyclisation reaction due to the substitution of 
alkyl groups in place o f hydrogen atoms on the carbon atoms in the chain that links 
the two reactive centres is called the gem-dialkyl effect.
Figure 2 b
H
In other research work, Parker and Adamchulc showed that the secondary 
amides (10), (11) and (12) (Figure 3) did not undergo rmg closme in refluxmg 
benzene but the tertiary amide (13) did, to give the cycloadduct (14) (Scheme 1).^*
(10)
Figure 3
(11) (12)
Scheme 1
CH
(13) (14)
They also examined the influence of the size of the N-alkyl group by 
preparing N-benzyl amide (15), (Figure 4) which resulted in 75 % conversion, 
compar ed to 45 % in the above case (14).
Figure 4
(15)
'CH2C6H5
Moreover, in order to ascertain the potential diversity o f the cyclisation, the 
diester (16) (Figur e 5) was also prepar ed which cyclised to the extent o f 40 %.
Figure 5
(16)
It was found that besides influencing reactivity, the constraints imposed by 
the connecting bridge also serve to limit the number o f stereoisomers produced. Only 
one o f two regioisomers is possible and in the above cases studied, one stereoisomer 
is preferred. Based on models^ \  and spectral analogy the exo mode of cyclisation i.e., 
ti'ans ring junction is preferred. This proof was observed by noting the coupling 
constant between protons Ha and Hb in the adduct (14) wliich is 5 Hz thus suggesting 
a dihedial angle o f 40^ compared to the corresponding alternative structure o f which ' 
the dihedral angle would have been 90® resulting in no splitting. This is in agreement 
with spectral data presented by Bilovic^® for a set o f related compounds.
With respect to our research using the N-trityl as well as N-phenylfluorenyl 
group to enhance steric acceleration o f Diels-Alder cyclo addition reactions, th e . 
following report is cited.
N-Trityl and N-phenylfluorenyl-N-carboxyanhydrides had been recently used 
in dipeptide synthesis.^ ^ These N-cai'boxyanliydrides appeared to be the remedy for 
peptide synthesis. They are easily prepared in one step and couple rapidly at room 
temperature with nitrogen nucleophiles. Sim and Rapoport^^ used the N-trityl and N- 
phenylfluorenyl-N-carboxyanhydrides in the synthesis of dipeptides in order to 
increase the stability and, primaiily, to inhibit any épimérisation.^^
The N-Trityl-N-carboxyanhydrides (20) and N-phenylfluorenyl-N- 
carboxyanliydrides (2 1 ) are crystalline solids, readily prepared in good yields, and are 
relatively stable on storage (Scheme 2).
Scheme 2
NH2 RkCHCI3/DMF n h Triphosgene  ►or Phosgene
CO2H
(17) (18) RrPhgC
(19)Ri=Pf
Fuither butti'esses for (17)-(21) aie:
a,R=CH3
b,R=Bn
c,R=CH2 0 Bn
d,R=CH2C02CH3
Pf=
(21) Ri=Pf
When heated in THF in the presence o f a companion amino ester (22), (23), 
they are converted in good yield to dipeptides (24), (25) with complete enantiomeric 
integrity. These dipeptides are also crystalline solids and are stable on storage at room 
temperatuie (Scheme 3).
Scheme 3
Ri \
O
N
R
;o +
o
(20,21)
o
2 2 , R 2=Bn
23,
R NH O
R'
NH
OCH3
O R?
24, R 2=Bn
25, R 2=CH3
It is also worth notmg that the trityl group has been used for peptide synthesis 
smce 1955 when Zervas and Theodoropoulos^^ used the trityl group to protect the 
amino group of amino acids and peptides. These trityl derivatives were then coupled 
with other amino acids by the usual methods after which detritylation (using 1 M 
hydrochloric acid in absolute ethanol heated in a water bath for 1-2  minutes) was 
carried out to get the desired peptides.
Stereoselectivity is a very important factor in the preparation of biologically 
active compounds as then activity is usually associated with a particular stereoisomer. 
Being such a vital property o f these active compounds, some previous 
diastereoselective intramoleculai* Diels-Alder reactions of the furan diene are 
described. The following review also describes how the nature o f the solvents affect 
the stereoselectivity o f the reactions.
Andies et carried out the synthesis o f the oxatricyclic y-lactams as then 
potential transformation mto useful products^^ is considered very important. They 
showed how 2-(2’-furftnyl)-N-acryloyltetrahydro-l,3-benzoxazme (26) participated 
in a diastereoselective intramolecular Diels-Alder reaction in very mild conditions 
leading to two diastereoisomeric exo-adducts (27) and (28) with good 
diastereoselectivity. They were sepaiated by chiomatography and then reduced to 
then respective alcohols (29) and (30), Finally after removal o f the menthol group, 
enantiopure wo-indolines (31a) and (31b) were obtained (Scheme 4) of which the 
former was the major product (71 : 29).
Scheme 4
(26)
(27)
OH
(29)
(28)
OH
(30)
H - N H - N
(31a) (31b)
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It is worth noting here that we made this racemic cycloadduct (31) by using 
the bulky trityl group as a steric buttress/^ N-Allylfurfurylamine (32) was protected 
by trityl chloride (33) and the product (34) was heated in toluene whereby Diels-Alder 
cycloaddition reaction occuiied giving the cycloadduct (35) (Scheme 5).
Scheme 5
C—Cl
(33)
+
C - N
(35)
C - N
(34)
The latter on brief treatment with warm ethanolic hydrochloric acid gave the 
secondary cyclic amine (31) (Scheme 6 ).
Scheme 6
C - N
(35)
H
H - N
(31)
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1.3. Solvent Effects and Stereoselectivity
The reaction medium can often be overlooked as an important variable in the 
promotion of ring closuie, the only problem being the solubility o f the reactant 
molecules within the chosen solvent. However, a prudent solvent choice and 
exploitation o f its physical properties can often be of distinct advantage in promotmg 
cycloaddition reactions as well as stereoselectivity of the cycloadduct.
Table 2 below gives the diastereomeric ratio of (27) : (28) as observed by *H 
NMR in the reaction mixtures. Moreover, cycloaddition does not occur below 0°C 
(entry 1 in Table 2) and the temperature has only a little effect on the ratio of 
diastereoisomers (compare entries 2 and 3 or 5 and 6 ). But the change o f solvent from 
dicliloromethane to hexane inverts the ratio o f stereoisomers at the same temperature 
(compare entry 3 against 8), Compound (28) was also formed as a major 
diastereoisomer when the solvents o f the reaction were diethyl ether or toluene, but 
this ratio is almost inverted, the major diastereoisomer being (27) when the solvent is 
chlorobenzene.
Table 2
Solvent effects involving reactions with compound (26).
Entry Solvent Time (H) T(®C) Yield (%)" Diast.ratio’’
27/28
1 Dichloromethane 720 -1 0 ---
2 Dichloromethane 190 0 88 71/29
3 Dichloromethane 15 23 96 69/31
4 Diethyl ether 18 2 0 73 45/55
5 Toluene 190 0 93 37/63
6 Toluene 14 23 96 38/62
7 Toluene 3 110 93 43/57
8 Hexane 15 23 96 22/78
9 Chlorobenzene 215 0 89 53/47
Yields refer to pure compounds after column chromatography. 
^Diastereomeric ratios were measur ed by ^H NMR in the reaction mixtures.
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In relation to previous studies on the versatility o f the sulphonamide tethered 
intramolecular Diels-Alder cycloadducts, as well as our studies involving the same, 
the following review is cited.
The Metz group^^’^  ^ has reported studies on intramolecular' Diels-Alder 
reactions o f dienes tethered to ethene sulphinic acid derivatives. Recently, Schwan et 
reported some cycloaddition reactions o f dienes tethered with a sulfinate linkage. 
In their research work, they reacted selected 1-alkenesulfmyl chlorides (36) with 
furan-tethered alcohols (37) forming diene-tethered l-alkenesulfinate esters (38). The 
latter were found to undergo intramolecular Diels-Alder reactions spontaneously or on 
treatment with a Lewis acid to form exo adducts with very high diastereoselectivity 
(Scheme 7).
Scheme 7
Cl"
Rî
Ri
(36)
OH
(37)
Co CK ÿO ac iÿ T  W ’
^ O '
&
o
(38)
O R2
(39)
o
+
The value o f n is 1 or 2 and Ri and R% can be H or -COOCH3 but both should 
not be -COOCH3.
O f great interest is the observation that when n = 2 and Ri = R2 = H, the 
sulfinate on heating gave the two corresponding diastereomeric cycloadducts (39) and
(40) but on treatment with Lewis acids (zinc bromide and diethyl aluminium 
chloride), only a single diastereoisomer was obtained at room temperature. That 
single isomer was the con espondmg exo adduct (40) with exo attacliment of sulphur
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and equatorial oxygen on that sulphur. This structure was confirmed by crystal 
structuie analysis.^®
It is worth noting that addition o f an ester functionality to the double bond of 
the sulfinate offered a substantial rate increasing effect without sacrificing 
stereo selection. Moreover, the presence o f one ester unit contributes one more 
diastereomeric centre and thus, increased synthetic diversity o f the cycloadducts.
Reactions in aqueous and non-aqueous media have also been reported. For 
instance Breslow and Rideout^ ‘ found that in most Diels-Alder reactions, the 
transition state for cyclisation brings together two non-polar groups, the diene and the 
dienophile. This led them to question whether conducting such reactions in water 
would cause a micellar aggregation o f reactants, sterically promotmg the formation o f 
the transition state and cyclisation products. They finally showed that the rate of 
reaction of butenone (41) and cyclopentadiene (42) was accelerated 700 fold to give 
mainly the endo cycloadduct (43) when conducted in water rather than in trimethyl 
pentane (Scheme 8).
Scheme 8
O +  W  / /
(41) (42) (43)
An explanation of the above result is that when substances with non-polar 
regions are dissolved in polar solvents, e.g. water, they tend to associate so as to 
reduce the hydrocarbon-water interfacial area, a phenomenon termed as “hydrophobic 
effect”^^ . This effect is a major contributor to substrate binding in enzymes and in the 
association of guest molecules with the host organic molecules.
It is worth noting here that Breslow and Rideout^ ^  also showed that the rate of 
the above intermoleculai* Diels-Alder cyclisation reactions were significantly 
increased, by a 2.5, fold in the presence of cyclodextrins, which is due to the 
association of the diene and dienophile by the intracavity inclusion in the cyclodextrin 
giving in tliis case both the endo (43) and the exo (44) cycloadducts (Scheme 9).
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Scheme 9
O +
+
(43)(41) (42)
Grieco et al^^showed that useful product selectivities could be obtained by 
adopting water as the reaction solvent. Because o f tbeir interest in quassinoids, they 
bad to make the Diels-Alder adduct (47). Intermoleculai* Diels-Alder reaction between 
the diene (45) and the dienophile (46) occurred in benzene at room temperatuie after 
288 b with a yield of 54 % of the adducts (47) and (48) (Scheme 10).
Scheme 10
\
+
CHa 
COOC2H5
(45)
CHO
(46)
CH3O
CH3 0
1"“’C00C2H5 + COOC2H5
(48)
When the reaction was conducted in water, the rate was more than doubled 
and the amount o f the desired isomer (47) was more than that of (48). Increase in rate 
is due to micellar aggregation as mentioned earlier but the increase in selectivity o f 
products is due to differences m transition-state volumes, i.e. the transition state 
leading to the formation o f isomer (47) would occupy a smaller volume than that of
15
isomer (48), thus minimising unfavourable hydrophobic interactions through more 
efficient aggregation (micellar packing).
Another example o f acceleration o f cyclisation has recently been reported by 
Breslow and Rizzi "^^  who found that the Diels-Alder cyclisation o f anthracene-9- 
carbinol (49) and N-ethylmaleimide (50) to give the cycloadduct (51), is greatly 
mcreased in water (Scheme 11).
Scheme 11
HO. O
+ >-
HO
(49) (50) (51)
Moreover, tins rate is fuither mcreased by addition o f lithium chloride, but 
decreased in presence of guanidinium chloride, a phenomenon termed as “salt effect”. 
In this context, lithium chloride is a “salting out” salt whereas guanidinium chloride is 
a “salting in” salt. Lithium chloride increases the hydrophobic effect by causing the 
électrostriction o f water, thus reducing the solubility o f the hydrocarbons thereby 
promoting their mutual association.^^ On the other hand, guanidinium chloride, being 
a common dénaturant o f proteins and nucleic acids, decreases the association of 
hydrocarbon residues in water thereby increasing the solubility o f the hydrocarbons 
and hence slowmg down the rate o f cyclisation.
Finally, the effect o f solvent on Diels-Alder reaction and stereoselectivity was 
mvestigated by Liotta et who studied the effects of a variety o f non-aqueous 
solvents on the cyclisation o f the diene (52) and dienophile (53) to give selectively, 
the endo cycloadduct (54) (Scheme 12). This is due to a solvophobic interaction 
where the product with the smallest transition-state volume is sterically preferred 
especially in solvents with high dielectric constants.
16
Scheme 12
y
COOCH3
+
ÇH3 CH.
-►
(52) (53) (54)
Table 3 below illustrates the effect o f some solvents o f variable dielectric 
constants and then rates on the Diels-Alder reactions in forming the cycloadduct (54).
Table 3
Effect of some solvents of variable dielectric constants and their rates on the 
Diels-Alder reactions
Solvent Dielectric Constant Relative rate
Benzene 2.3 1.0
Acetonitrile 36.2 1.8
DMSO 46.6 3.1
Methanol 32.6 4.1
D2O 78.0 No reaction
Ethane-1,2-diol 37.7 26.1
The high rate increase by ethane-1,2-diol is due to the latter's ability to 
hydrogen-bond and solubilise the molecules, i.e. molecular aggregation of the reactant 
molecules is favoui'ed within a “micelle” of the diol. The n stacked aiTangement of 
reactants o f type E definitely favour s product formation as compar ed to the end-on 
arrangement o f type F (Figiu e 6).
As stated earlier, when transition-state volumes are kept to a minimum, the 
endo product is favoured which is the case with reagent aggregate E.
17
Figure 6
CH3 0 (0 )C
E
c r o p c H s
—-o
F
It is cleai* now that a cai'efol choice o f solvent can play an important role in 
controlling the rate and mode o f approach o f reactant molecules. Besides controlling 
proximity o f reactant molecules, solvent polarity can be used to affect product ratios. 
In practice, favoured stereoisomers can be positively discriminated for, on grounds 
that theii' transition-state is most favom*ed in solvent medium due to minimal 
unfavourable solvophobic interactions. As the role of solvent upon reactions becomes 
more clearly understood, more elaborate and elegant synthetic transformations have 
become possible under milder reaction conditions.
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1.4. Orientational Effects on Rates of Cyclisation.
It has been reported that the role of orientation o f reactant molecules is a key 
feature of enzyme actioif^'^^ and that orientation constraints are one souice for the 
widely varying rates o f cyclisations. Koshland proposed that the catalytic efficiency 
o f enzymes depend on then ability not only to juxtapose the reacting species but also 
to ‘steer’ their orbitals along a directional path such that reaction rates are maximised. 
He suggested that ‘intramolecular’ reactions possessed strict angle dependence for 
maximal rate enhancements. Accordingly, Koshland proposed that misalignment of 
two reacting groups by as little as 10  ^ from an ideal orientation could cause a massive 
decrease in rate, by a factor o f up to 10\ In a given intramolecular reaction, the 
acceleration resulting from the steering o f orbitals would depend on the steric 
requirements o f the atoms involved.
Koshland has carried out various reactions^^'^* to demonstrate the effect of 
buttressing groups as well as orientation on rates o f chemical reactions. Reactions 
involving lactonisation showed how the increase in the rates o f intramolecular 
lactonisation were due to orientation effects after comparing them with theft 
bimolecular comiterparts and correcting for contributions ftom proximity, strain, 
compression, etc.
In a study by Kitaj irna et they have reported that orbital aligmnent has a 
large part to play in determining reaction pathways. They conducted a reaction by 
which they showed that steric buttresses interfere with the possible approach of two 
reacting groups leading to two different reaction paths and hence two different 
products. In a synthetic study o f the nitration o f the sterically hindered phenacyl 
bromide (55) with fuming nitric acid in acetic anhydiide, nitromethyl product (56) 
was obtained which on ftirther treatment with base resulted in intramolecular' 
nucleophilic substitution / cyclisation to give the indanone (57) as the only product in 
good yield (Scheme 13).
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Scheme 13
Base
Br
(56)(55)
On the other hand, the isomer o f (55) i.e. (58) on nitration gave (59) which on base 
treatment with triethylamme gave the cycloadduct oxazepinone (60) (Scheme 14).
Scheme 14
0 0 0
HN0 3  ^ Base
Br AC2O Br
NO2
(58) (59) (60)
Kitaj ima explained that these different cyclisation pathways namely the C- 
aUtylation (Scheme 13) and the O-alkylation (Scheme 14) were observed as a 
consequence o f the steric interaction between the C-H of the nitromethane 
functionality and the C-CH3 group (Figure 7).
Figure 7
C B
" B r
c=o
(59a)
The ortho methyl group of (56a) prevents formation o f the sp~ hybridised 
carbanion (ncz-nitronate) and only the carbon atom can reach (be ‘steered’) to react 
with the phenacyl bromide group; the absence o f tins mteraction in the isomer (59a) 
allows approach by an oxygen atom of the nitronate species (Figuie 7). Kitajima’s
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obsei*vations seem to justify the theory o f orbital steering. I f  proximity was the only 
factor enhancing this reaction as proposed by Bruice"^  ^ and B e n e s f t h e n  one might 
have predicted the same cyclisation product (the indanones) but as two different 
compounds are obtained, it means two different mechanisms aie operating. In effect, 
the methyl group changes the conformational properties of the molecule to such an 
extent that an alternative orbital is ‘steered’ towaids the reaction centre and a new 
product is obtained.
It is worth noting that for orbital alignment to become important, reactive species 
must first come within close proximity of one another and so orbital steering is a 
viable model to follow in explainmg cyclisations but only in the context o f reactive 
species having first achieved a close proximity. Thus, in response to Koshland’s^ *’^  ^
initial suggestions o f a tight, predefined ‘reaction wmdow’, Menger and Glass' *^’ 
examined intramolecular cyclisations between two functional groups held by a rigid 
carbon fiamework at well defined angles and distances from one another. Formation 
o f lactones from the compounds (61)-(64) illustrate the approach (Figine 8).
Figure 8
OH
(61)
OH
(62)
OH
(63) (64)
Force-field calculations on (61) and (62) showed that the compounds had 
similai' energies (within 1 kcal / mol) and similar O1C2 distances (2.83 and 2.81 A) 
but dissimilar O1C2C3 trajectory angles (70® and 80® respectively). I f  the lactonisation 
reactions aie strongly angle dependent as Koshland might have predicted then the
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alignment vaiiation of 10® could produce a 10  ^fold difference in lactonisation rates^^. 
A similar rate difference would be observed for (63) and (64) whose O1C2 distances 
are both 2.69A but whose O 1C2C3 angles are 76® and 85® respectively. Yet 
lactonisation rates aie almost identical in each pah (Table 4).
Table 4
Effect of dihedral angle on rate of lactonisation
Compound Dihedral Angle
Relative rate of 
lactonisation
61 70 1
62 80 1.2
63 76 36
64 85 22
Clearly an angle displacement o f 10° at constant distance is not kinetically 
significant and these ring closure reactions do not entail angular specificity which 
therefore contradicts Koshland’s explanation of enzyme efficiency and fast ring 
closure reactions.
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1.5. Ene Reactions
The ene reaction is usually a thermally induced intermolecular or 
intramolecular condensation reaction between an olefin carrying an allylic hydrogen 
atom (the ene) and an activated double bond (the enophile) (see Scheme 42, page 69). 
The simplicity and applicability to a wide range of substituents have led to the 
reaction being used for the synthesis of a number of complex structures."^^ 
Intramolecular ene reactions are very usefiil processes for the formation o f carbo-'^^ 
and heterocyclic derivatives'^^’^ ® as well as for the syntheses of natural products.^ '^^"  ^
The cyclisation o f unactivated 1,6-^  ^ and 1,7-dienes^® usually proceeds under severe 
conditions with poor yields. The introduction o f electron withdrawing groups'^® and 
the use o f Lewis acids^^ increase the rate o f reactions.
The following research work by Giovanni et shows an ene reaction and 
how different solvents affect the chemo- and stereoselectivity o f the products. They 
studied the reactivity of 5-bromo-2-(3-methyl-2-butenyloxy)benzylidenemalonic acid 
dimethyl ester (65) in five aprotic solvents (polai* and non-polar) and found that in 
aprotic nonpolar solvents, an intramolecular ene reaction occurred giving cis and 
tram  clnoman derivatives (6 6 ) and (67) (Scheme 15) whereas in aprotic polar 
solvents, besides the ene adducts (6 6 ) and (67) which were formed by the 
intramolecular ene reaction. Two other “ene-type products” (68 ) and (69) (Scheme 
16) were also formed. Compound (68 ) was produced by double bond isomérisation 
(probably catalysed by the more acidic solvents being used). Compound (69) results 
from déméthylation and decarboxylation, observed only in nitromethane.
Table 5 shows the distributions o f products (%) of the intramolecular ene 
reactions o f (65) at 130®C in different aprotic (polar and nonpolar) solvents.
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Table 5
Solvent effects on the ene reaction products from (65)
Solvent 6 6 67 6 8 69
Cyclohexane 53 47 0 0
Benzene 63 37 0 0
Acetone 64 36 0 0
Acetonitrile 62 28 10 0
Nitromethane 17 28 11 44
Scheme 15
(65) Benzene / 130'^  C (sealed vial)
COOCH3
COOCH3
(66) (67)
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Scheme 16
O
COOCB
(65)
AcetomtiTle or niti'ometiTane
COOCH
(6 6 ) +  (67) +
(68) (69)
Experiments showed that (69) was formed at 130^C m nitromethane fi'om the 
ene adduct (6 6 ) (Scheme 17).
Scheme 17
nitromethane -►
Br
COOCH3
H r H aCOOCH3
(69)
Tliis process was mvestigated by following the change m the NMR 
spectrum of pure (6 6 ) in CD3NO2 at 130^C. The observation was that, after 5 h, loss 
o f one methoxy carbonyl signal was observed together with a chemical shift o f the 
original Ha proton; deuterium exchange of Ha was also observed (19 %) increasmg 
to 90 % after 120 h.
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Now in protic solvents (tested in methanol and t-butanol, ethanol being 
avoided to avoid transestérification products), besides obtaining the usual ene adducts 
(6 6 -6 8 ), two other products (71) (Scheme 18) and (73) (Scheme 19) were isolated.
Scheme 18
O
(65) (70)
(71)
The structure and stereochemistry o f (71) was obtained by NMR and NOE 
difference experiments. It was assumed to be derived from the mtramolecular hetero- 
Diels-Alder adduct (70) which could not be isolated. Compound (73) was obtained as 
a result o f intramolecular* transestérification of (72), which was formed by the Claisen 
rearr angement of (65).
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Scheme 19
O
COOCH3
(65)
H3 COOC COOCH3
O
(73)
Conclusion:
Competition between intramolecular ene reaction and Diels-Alder reaction has 
been observed and described by several groups/^'^^'^^ This observation has also been 
observed by us in this research work. From the above example, one can conclude that 
Claisen reairangements can also compete with intramolecular' ene and Diels-Alder 
reactions.
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1.6. Solid Phase Chemistry 
Introduction
One o f the fundamental objectives o f organic and medicinal chemistry is the 
design, synthesis, and production o f molecules having value as human therapeutic 
agents. Until 1920-1940, therapeutically useful compounds were usually identified 
and produced fi*om plant, animal, or fermentation sources. The most dr amatic of such 
synthetic discoveries was the synthetic production of perricillin, which has saved 
innumerable lives and decreased human suffering world-wide. The successes o f 
organic and medicinal chemistry has fundamentally changed human therapeutics over 
the past 30-40 years by the steady design, preparation, and improvement of 
compounds that affect virtually all human medical conditions. While o f immense 
importance, drug discovery approaches remained relatively static horn 1945-1985.
Combinatorial chemistry is a novel and innovative way o f rapidly generating 
a large number of compounds. It is a kind o f a robotic system that can be used to 
screen millions o f compoimds (so called library), rapidly for biological activity, 
especially by drug discovery companies. During the last six years, combinatorial 
chemistry has attracted enormous attention from the pharmaceutical industry because 
it can greatly facilitate the drug discovery process.^® At the present thne, virtually 
every major pharmaceutical company has a form of combinatorial chemistry program 
included hi then drug discovery.
Combinatorial chemistry is regarded as one of the most important recent 
advances hi medichial chemistry. In addition, it is also an extremely powerfril tool hi 
basic research. The growing use o f combinatorial chemistry strategies as powerful 
tools in the drug discovery process has resulted in an explosion in the synthesis of 
small organic molecules on solid supports.^ ^ This necessitates the efficient 
attachment, derivatisation, and cleavage o f the deshed compound from the support.
1.6.1 Linkers for Solid Phase Synthesis.
Since our research work in this field involved the synthesis o f a linker for 
coimection to a polymer bead, the following review is presented.
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Usually, before attachment o f a molecule to the solid phase, a cleavable linlcer 
has to be made.^ '^^^ A linker has been described as a bifunctional protecting group 
which is attached to the molecule being synthesised through a bond labile to the 
cleavage conditions (e.g. silyl ethers, esters, carbamates, etc.) but which is attached to 
the solid phase polymer through a more stable bond (e.g. alkyl ethers, amides or 
alkanes). The cleavage method should be easily worked up in large numbers and 
should not introduce impurities that are difficult to remove. The attachment process 
may be problematic although attachment via solution phase may be a valid approach. 
All linkers must survive the synthesis although the choice of synthetic route may 
determine the choice of linker, and vice versa. Cleavage conditions are often harsh, 
e.g. using TFA, and not all molecules survive these conditions. It is important to 
assess tliis when plaiming a library synthesis. Many work up procedures add to the 
number o f post-cleavage manipulations. Most cleavage methods use excess reagents 
to ensure complete cleavage. Many use reagents that are volatile and excess reagent is 
removed by evaporation.
Until recently, there were very few methods suitable for purifying the cleaved 
products m high numbers. However, new techniques o f high throughput 
purification,^'’^ the use of disposable short columns^^ and solid phase reagents to 
remove impurities^^'^^ may make the introduction of impurities in the cleavage step 
less problematic than it was a few years ago.
1.6.2. Design of a Linker
It is not surprising that a wide range of linlcers have been reported in recent 
years given the range o f reactions that a linker may have to undergo durmg the 
synthesis of a molecule, the different types o f molecules and flmctional groups that 
may have to survive the cleavage conditions and the wide range o f functional groups 
thr ough which a substrate may be attached to the solid phase. The choice o f base 
polymer, spacer (any atom or group between the polymer and the linker) and linker 
requires careful consideration when planning a reaction sequence on the solid phase. 
The method o f attachment o f the linker to the solid phase may also present problems 
to the subsequent synthesis on the solid phase. For instance, consider the following 
example shown below (Figure 9).
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Figure 9
CH. o .  .R
O OCH3
O
OCH3
(81) (82)
In (81), the amide bond used to attach a photolabile carboxylic acid linker was 
believed to interfere with subsequent chemistry.^^ Replacing the amide with an ester 
bond as in (82) resulted in successful synthesis. Hence one has to consider the 
polymer, spacer and linker as they may affect the outcome of a synthesis.
The above definition gives a clear picture for many o f the linkers used, and is 
readily visualised by synthetic chemists familiar with protecting groups used in 
standard synthetic approaches. Linkers m fact perform shnilai' hmctions to protectmg 
groups and many o f the linkers developed in recent yeais are based on protecting 
groups fi'equently used in solution phase synthesis.
1.6.3. Types of Linkers
There are different types o f linkers but only two of the most common and 
useful linkers aie described in this review.
1.6.3.1. Acid Labile Linkers
Strong acid is one of the most common cleavage conditions used m solid 
phase synthesis. Volatile acids like hydiofluoric or trifluoroacetic acid allow easy 
removal o f excess cleavage reagent by evaporation. The lability of an acid labile 
linker is dependent on the relative stability o f the protonated linker against the cation 
formed upon cleavage, i.e. the more stable the cation formed, the more labile the 
linker is to acid. This is best illustrated using the ester linkers as shown below in 
which the stability o f the cations G, H, and I shown below increases as the number of 
electron donating groups increases (from left to right) (Figure 10).
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Figure 10
(G) (H) a )
Accordingly, the same trend is observed when comparing the Merrifield linker 
(83) which requires hydrofluoric acid for cleavage, the Wang linker (84) which 
requires 50 % trifluoroacetic acid / dichloromethane and the Sasrin linker (85) which 
needs 1-3 % trifluoroacetic acid / dichloromethane (Figure 11).
Figure 11
(83)
Similar* trends are observed for amide Ihilcers with the Rinlc linker (8 6 ) 
(trifluoroacetic acid cleavage), being significantly more acid labile than the 
benzhydryl linker (87) (hydrofluoric acid cleavage) (Figure 12).
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Figure 12
OCH3
(8 6 ) (87)
Moreover, liiikers base<J on ester bonds, such as (83-85), may also be cleaved 
by nucleophilic attack, e.g. with sodium methoxide to give the methyl ester. Hence, 
the acid labile linkers for carboxylic acids may also be cleaved by these nucleoplhlic 
conditions. This is more of a problem with the Wang linker than it is for the Sarin 
linker, primaiily because o f steric factors. Lability towards nucleopliiles can be 
reduced by using sterically congested linkers such as the trityl linker (8 8 ) (Figure 13), 
which is significantly hindered such that cleavage by even reactive and unhindered 
nucleophiles is limited.
Figure 13
(88)
I.6.3.2. Base Labile Linkers
Base labile linkers undergo two types o f cleavage. The more common type 
involves nucleopliilic addition / elimination, usually o f an ester, whereas the less 
common one involves a base catalysed reaction such as elimination or cyclisation. 
The nucleophilically labile linker is typified by the ester linker derived from 
hydroxymethylpolystyrene such as (83), aheady discussed above as an acid labile
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linker that reqniies hydrofluoric acid for cleavage. Treatment with sodium hydroxide 
solution leads to the cleavage as the salt o f the carboxylic acid, with sodium 
methoxide in methanol it gives the methyl carboxylic ester and with an unhindered 
amine such as methylamine, it gives the amide (Scheme 20).
Scheme 20
NaOH
Na o  R
ÇH3NH2NaOCH3
O
All these cleavage reagents are bases although the reactivity is determined 
primarily by their nucleopliilicity. An example of a true base labile linker is exhibited 
by the tertiary amine linker (89) as shown below (Scheme 21). In this case, cleavage 
occurs by Hofinarm elimination o f the ammonium salt and hence reactivity is 
determined by the basicity o f the cleavage reagent. '
Scheme 21
70-73
o
Ri o
R? p-elimination
H R3 O
Ri
N
R3/  R2
(89) (90) (91)
I.6.3.3. W ang and Rink Linkers.
As far* as linkers are concerned, it is worth noting that the Wang "^^  and 
Rink^^’^  ^ linkers are the two most widely used in solid phase organic synthesis, 
designed for use in peptide synthesis giving carboxylic acids and primary amides 
respectively. Their scope has been greatly broadened in recent years such that they are 
now used to attach a broad range of functionalities.
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For example, the Wang linker, (monoalkoxy benzyl) was developed for the 
attachment of carboxylic acids (Scheme 22). Attachment to (92) can be acliieved 
using a range of coupling methods, the most common being DIG / DMAP. Cleavage 
can be achieved using 50 % TFA / DCM (Scheme 22).
Scheme 22
(92)
DIC/DMAP
(93)
50% TFA/DCM
O
HO R 
(94)
The Wang linker has been used to attach a range of functionalities as it can be 
converted to the chloride,^^’^ * bromide,^^’^  ^ or iodide,^^ any o f which can be hirther 
derivatised with a range of nucleophiles e.g. displacement with an amine followed by 
sulfonylation gives a sulfonamide linker (97) that is cleaved with 95 % TFA,^^ 
whereas acylation o f the amine gives an amide linker (98) that cleaves under same 
conditions (Scheme 23).
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Scheme 23
(97)
Halogénation
X=C; Br, I
(i)R'NH2
(iQClCOR
(98)
The Rink Linker is widely used in solid phase organic chemistry. The tlnee 
electron donating alkoxy groups greatly stabilise the cation formed on cleavage. On 
treatment with TFA, the solid phase turns deep red in colour due to the stabilised 
cation. For example, the amine nitrogen in (99) can be acylated with a range of 
reagents to give (100) and cleavage is typically achieved with 20-50 % TFA / DCM.
Similarly, the sulfonamide linker (101) can also be prepared which is cleaved 
with 20  % TFA /  DCM *‘(Schente 24).
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Scheme 24
1.6.4. Attachment Methods to Solid Phase.
The starting compoimd is usually attached to the support-bound if the 
attachment process is achievable in good yield e.g. the Wang linker is attached to 
carboxylic acids using DIG / DMAP (see Scheme 22, page 34).
However, for some linkers, this attacliment is not easily achieved for several 
reasons. For instance, it may be that the reaction is disfavoured on steric or electronic 
grounds, leading to low loadmg on the solid phase. It is also possible that an unstable 
intermediate is formed on the solid phase that leads to unwanted by-products, which 
are released on cleavage and contamhiate the final product. One way to avoid such 
problems is to attach the starting material to the linker in solution phase. The 
combmed linker-staitmg substrate conjugate can be purified using conventional 
techniques and then attached to the solid phase using an ef&cient method, such as 
amide bond foimation. This attachment method has the advantage that high loading of 
pure material can be achieved. However, the disadvantage is that the solution phase 
syntheses may requhe multiple steps and may not be amenable to high throughput. If  
only a hmited variety of starting materials is used, this is acceptable, but if significant 
diversity is plamied at the stage o f the stalling materials, then production o f the library 
may be greatly retarded usmg this method.
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1.6.5. Functional Groups Achieved by Cleavage from a Linker.
Attachment of alcohol to trityl chloride (102) on the solid phase may be 
achieved using pyridine as the solvent (Scheme 25).®^  Cleavage can be achieved using 
less than 5 % TFA / DCM^^ though the use o f concentrations as high as 100 % TFA^^ 
as well as TFA vapour*'^ has been reported. Alternatively, 0.3 M hydrocliloric acid m 
dioxane has also been used for cleavage.^^'^^
2-Chlorotrityl linker (104) which is cleaved with 50 % TFA / DCM^^, and 4- 
methoxytrityl linker (105), which is cleaved with 1 % TFA / DCM have also been 
used (Scheme 25).
Scheme 25
(102)
ROH, Pyridine_ OR
(103)
OR 50%TFA/DCM
TFA
R—OH
(104)
1%TFA/DCM
OR
(105)
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1.6.6. Organic Reactions on Solid Phase.
A large number o f functional groups can be derivatised using solid phase 
reactions, including amines, alcohols, aldehydes, ketones, and carboxylic acids. Many 
standard organic reactions have been adapted to solid phase chemistry. These include 
oxidation, reduction, nucleophilic substitution, nucleophilic addition, carbene 
insertion, Diels-Alder addition, condensation including Claisen and aldol, and 
catalysed reactions such as Stille coupling, Suzuki coupling, and the Heck reaction for 
C-C bond formation.^* A large variety o f heterocyclic compounds has been 
synthesised by imine formation or using multicomponent condensation.
Imines are often used as intermediates in organic synthesis and are the starting 
point for chemical reactions such as cycloadditions, condensation reactions, and 
nucleophilic addition. The formation o f imines via condensation of amines with 
aldehydes was first adopted for the reductive alkylation of resin-bound amino acids.^^ 
Imines have now been used as synthetic intermediates in the generation of a range of 
heterocyclic combinatorial libraries as shown in the following example below (Figure 
14).
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Figure 14
-f- R2— CHO
NHo
(112)
Conclusion
This review has illustrated the importance of steric effects in cycloaddition 
reactions o f the ene and Diels-Alder types. Such reactions should be possible using a 
solid support thus opening the possibility o f using such reactions in a combinatorial 
chemical manner.
The following discussions describe some of our results in this area.
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Chapter 2.
2.1. Results and Discussions.
Introduction
The reseai'ch work described in this thesis is concentrated on exploiting earlier 
studies on the use of steric buttressing as a means for accelerating reactions*^. As 
mentioned in the review chapter, the first studies involved buttress templates that 
were non-removable, for example, the system 114-^115 (Scheme 26), where 
reactions with R=H are slow and inefficient but when R is a methyl or tertiary butyl 
group, reactions occur rapidly and in high yield^^.
Scheme 26
R R
(114) (115)
These previous studies illustrated the use o f buttressing groups to help 
accelerate certain Diels-Alder and 1,3-dipolar 'cycloadditions. However the 
buttressing groups are an important part o f the molecule. It was considered an 
advantage if one could use a buttress that could be put on to a substrate, carry out the 
reaction and then remove it after the reaction. Initial studies were performed 
following the model reaction (116)->(117) where R is a removable steric buttiess 
(Scheme 27).
Scheme 27
R - N
(116)
R - N
The results are tabulated below (Table 4).
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Table 4
Buttressing groups previously used for cari*ying out Diels-Alder reactions
Starting
amine
(116)
Froduct“(117) Yield of 
product 
isolated (%)
Cyclisation
conditions
Open : Cyclic"
R=H R=H 0 llO" C,toluene, 
several days
>99 : <1
R=Ph3C R=PhsC 85 n o "  C, toluene, 
2 0  h
2.5 :97.5
R-PhzCH R =P 1i2CH 35 135" C, xylene, 
34 h
5 0 : 50
R=PhCH2 R=PhCH2 c 135" C, xylene, 
60 h
98 :2
“ Isolatec 
spectroscopy aft(
by column chi*omatography. Estimated by 360 MHz NMR 
3r thermal equilibrium. '"Isolationnot attempted.
From the table, one can conclude that o f all the derivatives, the N-trityl 
derivative showed the greatest degree o f cycloaddition (98 %).
The trityl cycloadduct showed a consistent NMR spectrum- loss o f the allyl
group and huan protons (Figure 15 a) and replacement by the higher field protons of 
the tricyclic product (Figure 15 b) in both o f which R = trityl.
Use of the smaller benzhydryl protecting group gave an approximately 50 : 50 
ratio o f cyclised product to the uncyclised material at equilibrium and use o f the 
benzyl derivative gave even less o f the required cycloadduct (2  %) only.
The stereochemistry o f the cycloadducts of the type (117) has been previously 
studied. These have shown the adduct to be the result o f exo addition as depicted in 
structure (117).
41
Figure 15 a
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r
Figure 15 b
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Explanations for the effects of substituents on the rates and equilibria of 
cyclisation reactions have been given, viz.: the Thorpe Ingold Effect^’^ , the Gem- 
Dialkyl Effect^*'  ^and the Reactive Rotamer Effect^, but the main explanation relates to 
that proposed by Allmger^^ who stated that the ease o f cyclisation (both rates and 
equilibria) is related to the number of new gauche interactions produced during 
cyclisation as this involves a comparatively small increase in steric strain on going 
from the gauche conformation to the transition state, thus lowering the activation 
energy for the cycloaddition process. We therefore explain the efficiency of the 
(triphenyl)methyl and other similar bulky groups in promoting the cycloaddition 
reactions in such high yields by considering the Newman Projection conformation of 
the unsubstituted N-allyl furfiirylamine (118) shown in Figure 16.
Figure 16.
H
(118)
Newman projection o f unsubstituted N-allyl furfury lamine (118)
[N eclipsed by C]; dihedral angle between alkyl chains, (j) = 180 .^
On studying the relative positions o f the diene and dienophile, it is apparent 
that the unsubstituted N-aUyl furfiuylamine (118) has little tendency to undergo an 
intramolecular cycloaddition reaction as the optimum structure has the anti- 
configuration, with the furan and aUcene situated as fai' away from each other as 
possible. In tliis ‘unreactive’ conformation, the reactive centres aie too far* apart for 
reaction to occur without the molecule passing through another conformational 
minimum. In order for cycloaddition to take place, there must first be rotation about 
the C-N bond so that the two reactive components can approach each other. This 
rotation will effectively bring about an increase in the energy o f the molecule as steric 
interactions between the various groups lead to increased strain. Now, if the energy 
barrier for further rotation to adopt the conformation of the transition state is too 
steep, the strain will be relieved and the energy of the molecule minimised by rotating
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about the C-N bond again, to regain the anti-configuration o f the alkyl chains. 
Increasing the steric complexity about the nitrogen centre should favour the gauche 
conformation more than in the unsubstituted amine, as the reacting arms are forced to 
reside away from the steric buttress. This entropie effect will essentially increase the 
ground state energy of the molecule, compared to the unsubstituted amine thereby 
lowering the activation energy and hence promoting cycloaddition.
The above explanations are illustrated in Figme 17 in which A—B represents 
the reaction profile for an unsubstituted amine and A— B represents that o f an alkyl 
substituted amine (showing an increase in ground state energy and a decrease in 
activation energy).
Wlien the hydrogen on the unsubstituted amine is replaced by the 
(triphenyl)methyl group, the potential o f this buttress is immediately realised as it 
achieves 98 % cycloaddition. The steric congestion about the trityl group imposes a 
restriction on the conformational freedom of the allyl and furfuryl tethers and the 
resultant strain is reflected in an increase of the groimd state energy of the N-allyl 
furfurylamine unit.
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Figure 17
reaction co-ordinate
(|) : Dihedral angle
A, A- unreactive ‘anti’ conformations
B, B- eclipsed conformations
C, C- reactive ‘gauche’ conformations
D, D- transition states for cycloaddition
E, E- cycloproducts
The relative position o f the allyl chain with respect to the furfuryl chain is 
depicted by a Newman projection in Figure 18.
Figure 18
(119)
Newman projection of amine (119); [N eclipsed by C]
Dihedral angle between alkyl chains, (j) = 75^.
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From the relative positions o f the allyl and fiirfuryl groups, it seems that 
formation of the transition state for cycloaddition is greatly assisted by the presence of 
the trityl buttress. Consequently, there will be a comparatively small increase in steric 
strain on going fi'om the gauche conformation to the transition state, and the activation 
energy for the cycloaddition process will therefore be lowered. The increase in the 
ground state energy of the molecule and the lowering of the activation energy for the 
cycloaddition process o f the N-[(triphenyl)methyl]-N-allyl fui'furylamine (119) as 
compared to N-allyl furfurylamine (118), explains the efficiency o f the trityl group in 
promoting the cycloaddition o f (119) and that also in such high yield.
Reducing the bulkiness of the buttress by removing one o f the benzene rings, as in 
the benzhydryl derivative (120) (Figure 19) reduces the yield of the cycloadduct (50 %). 
This is so because replacing one o f the phenyl rings on the trityl buttress with a hydrogen 
atom to form the benzhydiyl gr oup, leads to a greater freedom in the rotation about the 
bonds a  and p as the diene can now reside in the space once occupied by the third 
benzene ring. The relaxation o f steric strain in the starting material (120) compared to 
(119) then has the effect of increasing the activation energy for the cycloaddition process 
as a large degree of strain will be exerted on the molecule in forming the transition state. 
The lowermg of the ground state energy and the mcrease in the activation energy in (120) 
relative to the tritylated amine (119) account for the lower yield o f the cycloadduct.
Figure 19
(Ph)zC
(120)
Newman projection of amine (120); [N eclipsed by C] 
Dihedral angle between alkyl chains, (|) = 75®.
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A further reduction in the number of phenyl substituents as in the case o f benzyl 
allyl furfurylamine (121), results in a further decrease in the yield o f the adduct. 
Compaied to the trityl and benzhydryl derivatives, even more conformational space is 
available to the diene and dienopliile in (121) (Figme 20).
Figure 20
(121)
Newman projection o f amine (121); [N eclipsed by C]
Dihedral angle between alkyl chains, ^  = 145®.
The space occupied by the benzyl group is enough to restrict the angle between 
the alkyl chains to 145®, but the rotation about the bonds a  and p is less restricted such 
that the diene and aUcene can move away from each other. Thus, the benzyl group was 
found to be too ‘small’ to promote the cycloaddition of the benzyl amine (121) to any 
great extent.
Hence the success o f a group to act as a promoter o f cycloaddition reactions can 
be attributed to its spatial requirements winch is responsible for an mcrease in ground 
state energy and a subsequent decrease in the activation energy, thus promoting the Diels- 
Alder reaction. Subsequent studies have been concentrated on the use of other removable 
steric buttresses with the aim to extend these eaiiier studies. Hence the first part o f this 
reseai'ch was to study other protecting groups as potential steric buttresses involving 
Diels-Alder cycloaddition reactions.
Other reactions studied were:
(a) Ene reactions.
(b) Competitive Diels-Alder cycloaddition and ene reactions.
(c) Attempts to prepare a solid supported system.
(e) Other miscellaneous reactions o f the protected amines.
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2.2. Other Protecting groups studied
2.2.1. 2,4,6-Trimethylbenzyl
The fu’st reaction performed in this series was that involving (2,4,6- 
trimethyl)benzyl chloride (122) and 2-fiirfurylamine (123) to form N-[(2,4,6- 
trimethyl)benzyl]fiirfurylamme (124) (Scheme 28).
Scheme 28
H
(124)
The secondary amine (124) was isolated in the puie state, in good yield (>90 %), 
characterised by mass spectroscopy and NMR (Figme 21).
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Figure 21
6 5 37 2 14 ppm
The secondary amine (124) was then made to react with allyl bromide (125) in the 
presence of diisopropylethylamine base to give N-[(2,4,6-trimethyl)benzyl]-N- 
allylflirfurylamine (126)(Scheme 29), obtained in 50 % yield, also characterised by mass 
spectroscopy and NMR (Figure 22).
Scheme 29
(124)
Br
(125) (126)
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Finally, the N-[(2,4,6-trimethyl)benzyl]-N-allylfürfiirylamine (126) was 
refluxed in xylene for 60 h in order to find the equilibrium point between the opened 
and closed form (Scheme 30). This was estimated by NMR (Figure 23) which 
showed a ratio o f 9 : 1 in favour o f the open form. This was certainly better than the 
benzyl derivative (121, R= PhCHi, entry 4 in Table 4, page 41) but not as high as was 
hoped. Models showed that the aromatic methyl groups are probably not close enough 
to the conformational space available in the transition state for the cycloaddition to be 
substantially favoured.
Scheme 30
(126) (127)
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In the next series, 4-methylphenylsulphonyl chloride (128), benzoyl chloride
(129) and 9-pheny 1-9-fluoreny 1 chloride (131) obtained from its alcohol 9-phenyl-9- 
fluorenol (130) were all made to react with N-allylfrirfrirylamine (118) followed by 
heating up of the latter to their respective cycloadducts.
2.2.2. Preparation of N-allylfurfurylamine (118).
A problem encountered in these studies was formation of the protected 
secondary_amine from the protected primary 2 -furfurylamine followed by allylation. 
For the more sterically demanding protecting groups, e.g. trityl, (Tr) (Scheme 31), this 
allylation o f (133) to (119) was very inefficient. An attempt to improve these yields 
by initial formation o f the lithium salt using butyllithium on the protected amine (133) 
and then allylation, was found to proceed to afford the desired allylated derivative 
(119) only in modest yield (20 %).
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Scheme 31
Tr. N 
(133)
o .
Bu-Li ^ Tr— N 
Li+
(132)
O.
(119)
As a consequence we decided to use the classical method for preparing the 
secondary amine, N-allylfiirfuiylamine (118), by diiect allylation o f 2-fui*fuiylamine 
(123) with allyl bromide (125) (Scheme 32).
Scheme 32
(123) (125)
H:
(118)
4-
K
Br-
(135)
Four variations in this direct allylation approach have been attempted to make 
the pure N-allylfurfurylamine (118). In the first three methods, 2-fui'furylamine (123) 
and allyl bromide (125) in a 1:1 molar ratio were stirred at room temperature for 5 h 
in dry dichloromethane solvent, using diisopropylethylamine base (Scheme 32). The 
mixture obtained was basifred with bench sodium hydroxide and washed with water
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twice in order to remove all the quai'ternaiy ammonium salt, which is N- 
furfiiryltriallyl-ammonium bromide (135). The mixture left was expected to contain 
N-allylfur*firrylamine (118) and N,N-diallylftu*furylamine (134) as well as any 
unreacted 2-ftrrftirylamine (123). The three methods o f isolating the secondary amine 
(118) were:
(a). Fractional distillation
When subjected to ftactional distillation, three fractions were collected but the 
mixture could not be separated hito pur e compounds as under our conditions each 
fraction was contaminated by its congeners. Hence this method was discarded.
(b). Tritylation followed by deprotection.
The mixture was dissolved in dichloromethane and stirred with 
triphenyhnethyl chloride (trityl chloride) (136) at room temperature for 5 h after 
adding diisopropylethylamine as base. After that time, it was expected that only the 
unreacted 2-frrrfrrrylamine (123) and the N-allylfurfrrrylamine (118) would react with 
the triphenyhnethyl chloride (136), leaving the N,N-diallylfurfirrylamine (134) free. 
The mixture was neutralised with bench sodium hydroxide and washed with water. 
Column chromatography (silica gel / dichloromethane) gave three major fractions, 
viz.:
(1) N-[(triphenyl)methyl]-N-allylfurfurylamine (119) (open form) as the first 
least polar fr action,
(2) N-[(triphenyl)methyl]-N-furfrirylamine (133) as the second fraction,
(3) Pure N,N-diallylfrrrfrirylamine (134) as the tliir'd fraction.
The first fraction (119) was deprotected by the standard conditions and N- 
allylfrrrfurylamine (118) was in fact obtained as a pure cornpoimd. However, the 
average yield was very low (< 10 %) and since the experimental procedures were very 
lengthy, this method was also discarded.
(c) Direct separation of the mixture by column chromatography
The mixture was separated by column chromatography using silica gel and
chloroform as initial solvent. Once the N,N-diallylfurfurylamine (134) (yield 30-35
%) was eluted as the first fraction, the desired compound N-allylfur*firrylamine (118)
(yield 30-35 %) was then collected separately as the second fraction by eluting with
dichloromethane solvent. Finally, the solvent was changed to a mixture containing 10
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% of methanol and 90 % dichloromethane in order to recover the unreacted 2- 
furfurylamine (123). Pure N-allylfurfurylamine (118) was thus obtained in a higher 
yield than that obtained above by attempted allylation of the protected 2 - 
fur fury lamine followed by deprotection. It is worth noting here that one should not 
attempt to remove the solvent using a vacuum pump as the volatile amine is also 
removed and gets lost in the traps.
In the fourth variation, allyl bromide (125) was added dropwise with 
stirring to a four fold excess o f 2-furfury lamine (123), the latter also acting as base, in 
an attempt to prevent formation o f N,N-diallylfurftirylamine (134). Unfortunately, 
both the monoallylfur fury lamine and the diallylfurfury lamine were again formed. 
Hence, out of the four methods described above, the third one proved to be the most 
practical one as it also gives a moderate yield.
The pure sample o f N-allylfurfurylamine (118) was characterised by mass 
spectroscopy and *H NMR (Figure 24) and then used in the preparation of further 
protected derivatives.
Figure 24
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2.2.3. 9-Fhenyl-9-fluorenyl
9-Phenyl-9-fluorenol (130) was used as a steric buttress after converting it to 
the chloride (131) (Scheme 33).
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Scheme 33
conc HCl
(131)(130)
9-Phenyl-9-fluorenyl cliloride (131) was dissolved in dry dichloromethane and 
reacted with N-allylfui*furylamine (118) by stiiTing at room temperature for 24 h in 
the presence of triethylamine as base. However, after this treatment, TLC did not 
show the presence o f any product and so the mixture was heated to reflux for 60 h 
(Scheme 34) when reaction was observed.
Compared to tire trityl system, the lack of reactivity o f the 9-phenyl-9- 
fluorenyl chloride (131) with N-allylfui'furylamine (118) is due to the 9-phenyl-9- 
fluorenyl cation being essentially antiaiomatic. A consequence of the more vigorous 
conditions required for protection was onset o f intramolecular cycloaddition of the 
initial amine. Thus the product isolated was mainly in the form of the cycloadduct 
(138).
This isolated product (138) was dissolved in toluene, heated to reflux at 1 lO^C 
and monitored by NMR after 20, 40 and 60 h to find the comparable equilibrium 
point of the closed to the opened forms.
It was found that after 40 h, the ratio o f the cycloadduct to the open form, 
esthnated by NMR was nearly 75 % : 25 %, which did not change on further 
heating (Figure 25).
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Scheme 34
(131)
r
+
(137)(118)
(138)
Figure 25
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This observation proves that unlike the triphenylmethyl (trityl) cycloadduct 
which showed an equilibrium of 98 : 2 in favour of the cycloadduct to the open form,
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the 9-phenyl-9-fluorenyl derivative shows only a 4 : 1 ratio in favoui' o f the 
cycloadduct, thus indicating that the trityl group is a bulkier and hence more powerful 
steric buttiess.
2.2.4. N,N-dialIyIfurfuiylamine
Having in hand the diallyl derivative (134), also characterised by mass 
spectroscopy and NMR (Figure 26), it was of interest to ascertain the steric effect 
o f this second allyl group.
Previous work*^ has shown that heating N-allylfuihirylamine (118) showed no 
sign o f cycloaddition but heating the diallylfurhirylamine (134) (Scheme 35) in 
toluene for 50 h surprisingly showed that an equilibrium was established between the 
closed and opened form in the ratio o f 1 : 4 in favour o f the opened form, as 
determined by its ‘H NMR spectrum (Figure 27). At first this was surprising since the 
second allyl group is small compared to groups such as the trityl group. One 
difference is the statistical increase in probability for cyclo addition in having two allyl 
groups present in the system rather than just one. A subtle electronic effect by the 
second allyl group may also be acting in favour- o f cycloadduct.
Scheme 35
(134) (139)
57
Figure 26
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This result can be compared with an earlier study in which the bis- 
dimethylallyl derivative (141) was made (Figure 28).
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Figure 28
(141)
Heating this compound in toluene for 24 h did not form any cycloadduct and 
the starting amine was recovered. In this case the dimethyl groups appear to hinder 
approach of the substituted allyl groups to the foran ring and hence cycloaddition. No 
ene reaction products were detected in this series after this heat treatment.
2.2.5. NjN-Diallyl-N-niethylfurfurylammonmm iodide.
This quaternary ammonium salt (142) was prepaied by treating the 
diallylfurfurylamine (134) with methyl iodide (143) (Scheme 36) at room temperature 
for 3 h.
Scheme 36
+  CH3- I
(134)
The obtained salt on isolation proved to be a mixture o f the opened and closed 
isomers (Scheme 37). This salt was not equilibrated in toluene but the isolated product 
showed a ratio of 2 : 1 in favour o f the opened form as estimated by NMR (Figure 
29).
This result is not unexpected as the quaternary salt is much more sterically 
encumbered by the presence of the methyl group and, statistically, the furan ring has a 
choice o f two allyl groups with which to react.
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Scheme 37
(142) (144)
2.2.6. N-Tosyl group
The tosyl group is a popular protecting group for amines and alcohols. The 
amine (118) was reacted with tosyl chloride (145) to form the crystalline sulfonamide 
(146) (Scheme 38).
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Scheme 38
S—Cl
S—N
(146)
The nitrogen atom is tetrahedral with the lone pair orientated away from the 
sulphur-oxygen atoms as shown in Figure 30. The oxygen atoms and the toluene 
group occupy considerable conformational space in the area adjacent to the nitrogen 
substituents. Thus it was o f interest to examine the effect of this group as a potentially 
removable steric buttress.
Figure 30
#
Freshly prepared material was obtained in the open form and characterised by 
microanalysis and *H NMR (Figure 31).
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On heating (146) in xylene for 30 hours at reflux (Scheme 39), an equilibrium 
with the closed form occurred, after which a ratio of 1 : 4 in favour of the 
cycloadduct was observed by nmr spectroscopy (Figure 32).
Figure 32
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Scheme 39
•S—N
(146)
Ha Hi He
S—N
(147)
The closed isomer could be isolated by column chromatography in 82 % yield. 
The product showed a single set o f proton signals consistent with the assigned 
structure and no sign o f the conformational isomers arising from rotamers forming 
about the sulphur-nitrogen bond. The observed ratio indicates that the sulphonamide 
group can act as a moderately effective steric buttress.
Its model structure is shown in Figure 33.
Figure 33
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2.2.7. The benzamide group
In the next reaction, N-allylfurflirylamine (118) was reacted with benzoyl 
chloride (148) to give the benzamide (149) as a pale yellow viscous oil (Scheme 40).
Scheme 40
(148) (118)
-►
(149)
Benzoylation o f the starting amine was readily achieved by reaction o f 
benzoyl chloride with the amine at 0® C in pyridine. The isolated amide (149) showed 
broad signals in its 'H NMR (Figure 34) at 25® C corresponding to a mixture of two 
major rotamers (L) and (M) (Figure 35 and Figure 36) present in a ratio of 
approximately 1 : 1, due to the restricted rotation about the carbonyl-amide bond.
Figure 34
(M)
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Figure 35
à
M
Figure 36
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By cooling the solution to a temperature of -20*^ C, the spectrum resolved into 
two sets of signals corresponding to the two rotamers as the rate o f exchange from 
one environment to the other is low. The two types of methylene protons appear as 
separate signals corresponding to the separate rotamers (Figure 37 a).
Figure 37 a
4 .05 .5 5 .0
At 50 C, rate of exchange is high and the spectrum consists of broad signals
(Figure 37 b).
Figure 37 b
CQC1.3 3 0 'C
6 .0 a.a .3 .0 4 .0
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The N-benzoyl-N-allylfürfiirylamine (149) was finally refluxed in xylene for 
30 h in order to produce the corresponding cycloadduct (150) (Scheme 41).
Scheme 41
(149) (150)
The equilibrium point between the opened and closed form was estimated by 
'H NMR which showed a ratio o f 1 ; 4 in favour of the closed form (Figure 38).
Figure 38
1 ppm
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Figure 39 shows the model structure of the cycloadduct (150).
Figure 39
t
Conclusions:
The equilibrium between the opened and closed forms o f the N-substituted-N- 
allylfurflirylamines is affected by both electronic and steric effects^^’'^. Steric effects 
are certainly o f importance, the trityl group almost completely cyclising, whilst the 
N-benzyl derivative exists mainly in the open form (see Table 4). A comparative 
result was obtained with the 9-phenyl-9-fluorenyl group. As this contain the same 
number o f carbon atoms as the trityl group, fusion of the two phenyl groups to form 
the fluorenyl groups produces a system which has more conformational space around 
the nitrogen substituents and hence less o f the cyclic isomer is obtained.
Conformational freedom is restricted within benzamide and sulphonamide 
derivatives by electronic as well as steric effects and in both cases more cyclisation is 
obtained than would have been expected from steric effects alone.
O f all the derivatives, the trityl group remains the most easily to introduce and 
remove. It is therefore the best o f all these removable buttresses.
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2.3. Steric Buttressing in Ene Reactions
The ene reaction is an electrocyclic process in which an olefin (P) reacts with 
another alkene (Q) bearing an allylic hydrogen and in wliich transfer o f this hydrogen 
occurs. The reaction proceeds via a 6 -membered transition state to give (R) (Scheme 42).
Scheme 42
(Q) (P) (R)
It has a certain similarity to the Diels-Alder reactions in which one of the 
components is a reactive dienophile but the other may just be a simple alkene. Since a 
sigma C-H bond has to be broken in the process, a high temperature is necessary for such 
a reaction to proceed. An example is the conversion o f (151) to (152) and (153) (Scheme
43). 95
Scheme 43
(151)
COCF3
+
(152)
Both cis and trans- substituted products are formed (approximately 1 : 1 ratio). 
The efficiency of the triphenylmethyl (trityl) group acting as a steric buttress in an 
unactivated ene reaction (i.e. no ester functionality) was therefore exploited. Compound
(157) was prepared, characterised by mass spectrometry and NMR (Figure 40) and 
then heated in xylene at 140°C for 140 h (Scheme 44) to give the cycloadduct (158).
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Scheme 44
\  / C—Cl +
(155) (156)
(136) 4- / Br(154)
(158) (157)
This produced complete conversion to a cyclic product (158). Attempts to 
separate the expected eis-trans isomers hom  the reaction failed and it was concluded 
from high field NMR studies (Figure 41) that the product was a single isomer. It was 
found difficult to ascertain whether tliis was the cis or trans substituted product. Detailed 
proton-proton decoupling experhnents and molecular modelling (Figure 42) suggests that 
the product is the cis- isomer as depicted in structure (158). However, further N.O.E 
studies need to be performed in order to confirm this interpretation.
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Figure 42
2.4. Diels-Alder Cycloaddition Reactions.
The following chapter mainly describes how the buttressing effect of the 
triphenylmethyl (trityl) group can be exploited to form a series of compounds not directly 
available.
2.4.1. Michael Addition.
In the first instance, when 2-fur fury lamine (123) was stirred with dimethyl 
acetylenedicarboxylate (159) in dry dichloromethane at room temperature it did not give 
any Diels-Alder cycloadduct but instead gave a mixture of isomers of the N-[furfuryl]- 
adducts (160) and (161) (Scheme 45), as a result o f Michael addition of the amine group 
across the conjugated system. Compound (161) could not be isolated since it was 
unstable, itself isomerising into the thermodynamically stable product (160). Thus 
compound (161) is a kinetic product formed in the reaction. Figure 43a is the 'H  NMR 
spectrum of a mixture o f isomers (160) and (161) in a ratio of 1 : 1. Figure 43b is the 
NMR spectrum of the more stable hydrogen bonded isomer (160). The amide protons 
appear at ô 4.7 (for 161) and Ô 8.3 (for 160). Deuterium exchange shows a rapid 
disappearance of the former signal while the latter was hardly affected, indicating 
intramolecular hydrogen bonding within (160).
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Attempts to react the thermodynamically stable addition product (160) with more 
dimethyl acetylenedicarboxylate (159) in order to ascertain if a cycloadduct could be 
formed was disappointing since only complex mixtures were obtained and none of the 
anticipated cycloadduct (162) was present.
Scheme 45
(123)
+ H3 C OOC—C = C —COOC H3  
(159)
/C H 3
w J C - 0 - C H 3
><
V (161)
H3 C ÇH3
(162)
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Figure 43a
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2.4.2. Interm olecular Diels-Alder Cycloaddition.
In contrast to the above Michael addition, because of steric buttressing, reaction 
o f the N-tritylftu'furylamine (133), [made by direct reaction between 2-furfurylamine 
(123) and trityl chloride (136)], with dimethyl acetylenedicarboxylate (159) did not 
produce this Michael addition product and instead, clean cycloaddition to form the adduct 
(163) was observed (Scheme 46). The latter was characterised by microanalysis and 
NMR (Figure 44a for (163) in CDCI3 and Figure 44b, in CDCI3 / D 2 O).
It is worth noting the change in pattern for the methylene (Hd and He) protons 
from two double doublets to an AB quartet afrer deuterium exchange.
Scheme 46
(136)
, 0
NHc
(123)
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(133)
H 3COOC - C ^ C —COOCH3 
(159) )
C—I
(163)
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2.4.3 Deprotectioii of Cycloadduct (163)
The N-trityl group could be removed by treating the cycloadduct (163) with 
ethanol containing a few drops o f sulphuric acid, which gave the amine (164) (Scheme 
47).
Scheme 47
O O
\v , 0
(164)
+ C—OH
(165)
Amine (164) was hygroscopic and difficult to puiify. Heating compound (164) m 
an attempt to effect intramolecular cyclisation to form the lactam (166) failed. Instead a 
new reaction occuned and the previous Michael addition product (160) was obtained. It 
is speculated that on heating, the cycloadduct (164) undergoes a retro Diels-Alder 
reaction to reform 2-fui'fuiylamine (123) and dimethyl acetylenedicarboxylate (159) 
which then undergo the Michael addition to reform the product (160) (Scheme 48).
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2.4.4. Benzoylation
The amine (164) was reacted with benzoyl chloride (167) in order to make the N- 
benzoyl derivative (168), but mifortmiately mass spectrometiy failed to reveal any 
molecular ion peak at 344 (MH^) as expected for the benzoyl derivative (168). Instead, a 
peak at 202 which may probably be due to the formation of (169) (Mi- = 201) formed as a 
result o f retro Diels-Alder reaction (Scheme 49) was observed.
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Scheme 49
(167)
+
H3 C o  o  /C H 3
H2 N-
o
H
Hb H, 
(164)
H3 C o  O _ /C H 30 ^ / /  \\ / O
O
(168)
H
C
'"y
(169)
+  H3COOC—C ^ C —COOCH3
(159)
Another intermolecular Diels-Alder cycloaddition reaction between N- 
tritylfurfiu-ylamine (133) and methyl propiolate (170), instead o f dimethyl 
acetylenedicarboxylate (159), was perfonned in order to get the conesponding 
regioselective derivative (171 (Scheme 50). Unfortunately, a reaction did not occui* and 
the starting materials were recovered.
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Scheme 50
(133)
) (
H—C ^ C —COOC H3 
(170)
O _ /C H 3
(171)
Tills reaction mixtui'e was also subjected to microwave treatment for a period o f 
10 seconds at 100, 250 and 500 watts separately but no sign o f any product was observed.
2.4.5. Competitive Reactions
Two competitive studies using dimethyl acetylenedicarboxylate were performed. 
In the fu’st, N-trityl-N-allylfurfiuylamme (172) [made by dkectly reacting trityl cliloride 
(136) with N-allylfurfiirylamine (118) (Scheme 51)] was stirred with dimethyl 
acetylenedicarboxylate at room temperature for 120 h (Scheme 52).
Scheme 51
Cl +
(136) (118) (172)
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Scheme 52
(172)
+  H 3 C 0 0 C -C = C -C 0 0 C H 3
(159)
C —N
(174)
+
(173)
A mixtui'e o f cycloadducts (173) and (174) were obtained at room temperatine, in 
a ratio o f 1:2 in favour o f cycloadduct (174). The mixture was separated by column 
chromatography and (174) was isolated in the pm*e state and characterised by mass 
spectrometry and NMR (Figur-e 45).
Once (174) was isolated, it was heated in an attempt to achieve retro Diels-Alder 
reaction m order to confirm its formation. In fact, the ring opened to form (172) which 
then exhibited the usual (4+2) Diels-Alder cycloaddition reaction to form the cycloadduct 
(173) (Scheme 53).
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Figure 45
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Scheme 53
C - N
(174)
G—N
(172)
(173)
82
In the second competitive study, N-[(triphenyl)methyl]-N-[3-methylbut-2- 
enyljfurfiuylamine (175) was stiiTcd with dimethyl acetylenedicai'boxylate (159) at room 
temperatur e for 5 days.
Earlier work*^ with N-[(triphenyl)methyl]-N-[3-methylbut-2-enyl]furfur*yl-amine 
(175) had shown that no cyclisation was observed at room temperature but on heating in 
xylene, an equilibrium was established between the open and closed form with only 80 % 
of the cyclic amine being formed, the cyclisation being hindered by the dimethyl groups 
(Scheme 54).
Scheme 54
(175)
H H
C—N
H H
(176)
On allowing the amine (175) to react with dimethyl acetylenedicarboxylate (159) 
at room temperature for 5 days, a completely new product was obtained in high yield 
(Scheme 55).
This was not the anticipated cycloadduct (177) since the product did not exhibit 
the two allylic methyl signals in its NMR (Figur e 47) and formation o f an isopropenyl 
group had occurred. Two methyl ester signals were also present indicating that one 
molecule of the acetylenic reagent had been incorporated. This product therefore 
corresponds to the result o f an ene reaction between the initial intermolecular- cycloadduct 
(177) and the dimethyl allyl group to produce the new structure (178) (Figure 46) 
(Scheme 55).
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Scheme 55
C—N
(175)
4- H3 COOC—C = C —COOCH3  
(159)
—NC - N
(177)(178)
Figure 46
»
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It is worth noting that previously, N-[(triphenyi)methyl]-N-[3-methylbut-2“ 
enyl]furfiirylamine (175) was made by fii’st reacting triphenylmethyl chloride (136) with 
2-furfurylamine (123) to give N-[(triphenyl)methyl]fui'fuiyl] amine (133) followed by 
reaction with l-bromo-3-methylbut-2-ene (154) (Scheme 56).
Scheme 56
C —Cl + NHz
(123)
(136)
0 —N
(133)
+ Br
t  (154)
C - N
(175)
But this time, N-(3-methylbut-2-enyl)furhuylamine (140) was made first (Scheme 
57), isolated from the mixture o f amines and then stirred with tiiphenylmethyl chloride 
(136) in dry dicliloromethane at room temperatuie for 15 h in the presence of 
triethylamine to give the N-[(triphenyl)methyl]-N-[3-methylbut-2-enyl]fui'furylamme 
(175) (Scheme 58).
86
Scheme 57
(123) (154) (140)+
(141) +
(142)
Scheme 58
NC —Cl + C - N
(136) (175)(140)
Once the N-[(triphenyl)methyl]-N-[3-methylbut-2-enyl]furfiuylamine (175) was 
isolated in the pui'e state, it was reacted with dimethyl acetylenedicarboxylate (159) to 
form the cycloadduct (178) as shown above (Scheme 55).
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2.5 Miscellaneous Reactions
2.5.1 Preparation of Secondary Amines
Besides being a very efficient steric buttress, the trityl group was found to be a 
very good protecting group, which is easily removed by brief treatment with ethanolic 
sulphuiic acid. Advantage was taken o f this property of the trityl group to protect 2- 
fiirfurylamine (123) and then to react it 'with methyl iodide (180) to give the N-trityl- 
N-methylfurfuiylamine (181) (Scheme 59).
The latter on deprotection should give the secondary amine i.e. N-methyl- 
turfuiylamine (182).
Scheme 59
C - N N
(180)
(181)
(165)
+
(182)
The trityl alcohol (165) can be converted to trityl chloride (136) by shaking it 
with concentrated hydrochloric acid and then re-used agam to make secondary amines 
as shown above.
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2.5.2. Oxidative Rearrangem ent of the Furan Ring
Oxidative reaiTangement o f the furan ring occui'S when the protected 
furftirylamine (133) is stiiTcd with aqueous methanol and bromine m alkaline 
medium. Hydrolysis with dilute acid gave 3-hydroxy pyridine (184) (Scheme 60) as a 
white crystalline solid.
Scheme 60
(133)
+  CH3OH 
(183)
Bi*2 / Na2COg
OH
(184)
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2.6 . Preparation of a Supported System
The use o f removable steric buttresses allows the formation of a range of 
novel cyclic amines. Such systems are o f considerable importance in the industrial 
chemistry field. Nowadays, no solution phase process is sufficient without attempting 
to adopt the process to a solid supported system of value in combinatorial chemistry. 
An attempt was therefore made to prepare new solid supports as potential steric 
buttresses. The main advantages aie summaiised below.
1. The reaction proceduies are simplified.
2. Thne-consuming purification and isolation steps are eliminated. The support 
bound product is filtered off and washed.
3. Higher yields can often be obtained by usmg a large excess o f reagents.
4. The support, in principle, may be regenerated and reused for new syntheses. 
Developments of novel solid phase chemistry linkers are requirements o f solid 
phase chemistry and synthesis of combinatorial libraries. The ideal linker should 
fulfill the following criteria:
1. It should be cheap and readily available
2. The attachment o f starting material should be readily achieved
3. The linker should be stable to the chemistry used in the synthesis
4. Cleavage should be efficient under conditions that do not damage the 
final product(s)
5. The cleavage method should be readily worked up in large numbers and 
should not introduce impuiities.
2.6.1. Requirements for the Solid Support.
Based upon the above advantages and fulfilment criteria, the choice of the target 
support was dependent on:
1. The need for a bulky, removable buttress. The obvious choice for this 
head group was the trityl group.
2. The need for a versatile and stable resin. Of the vaiious resins available,
those of the Tentagel (185) (Figure 48) type are o f increasing popularity.
This is because the polyethylenoxy side chains allow interaction with
polai' solvents and hydrogen bonding solvents so that the chains remain
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mobile and the terminal functional groups accessible to reagents and 
substrates in solution. Such accessibility is important in achieving 
efficient conversions in each chemical step.
Figure 48
OH
(185)
11“  1, 2 , 3— -etc 
Pommier chain
3. A stable linker between the head group (the trityl group) and the terminal 
hydroxy gioups o f the Tentagel. This linker should be stable to a wide 
range of reaction conditions. The use of an ether oxygen link as in (186) 
(Figure 49) which would make the trityl cation more stable and the 
system even more sensitive to mild acid conditions was ruled out.
Figure 49
C -O H
(186)
Similarly, a benzylic linker such as (187) (Figure 50) was considered too 
unstable, as the benzylic group could be broken during acid catalysed deprotection 
involving the trityl head group.
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Figure 50
C -O H
(187)
As a result, attention was focussed on one of the homologues, the ethyl 
substituted trityl group (188) (Figure 51).
Figure 51
C -O H
Once formed this should be very stable to most reaction conditions. As a 
result o f these considerations, the choice of head group was compound (189).
C—OHHO
(189)
An attempt was then made to connect this dihydroxy compound containing the 
trityl group to the polymer bead Tentagel (185), in order to form the support (188) 
(Figure 51).
Once this support was made, it had to be converted to the chloride before
reacting it with the N-allylfiirfiiryl amine (118) to give (192) which on heating should
undergo Diels-Alder cycloaddition to give (193) (Scheme 61).
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Scheme 61
C -O H
(188)
_j_ HCl
C -C I
(191)
O.
0 —N
(192)
C—N
(193)
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Finally, hydrolysis should give the cycloadduct (194), releasing fi*ee the support 
(188) for re-use (Scheme 62).
Scheme 62
C—N
(193)
C -O H  +
(188)
H
(194)
A route to make the diol linker (189) and a means for ‘activating’ it so that it 
can be chemically bonded to the Tentagel was required.
2.6.2. Preparation of Linker
Before embar king on the synthesis of the linker (189) itself, a model reaction 
was carried out in order to establish suitable reaction conditions. Hence, the 
triphenylmethyl (trityl) alcohol (165) was made first and then the diol linker (189). 
Retrosynthesis o f the trityl alcohol is shown below (Scheme 63) which suggests 
cari-ymg out a Grignard reaction. This simple model reaction was canied out by 
reacting benzophenone (195) with phenyl magnesium bromide (196) which went very 
well (> 85 % yield) to form trityl alcohol.
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Scheme 63
—OH
(165)
(195)
dry THF
(197) (196)
MgBr
Similarly, retrosynthesis o f the desired diol Ihiker (189) as shown (Scheme 64) 
indicated the use of the commercially available substituted homologue 2-(4- 
bromophenyl)ethanol (198) for the Grignard reaction.
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Scheme 64
OHH O -C BrMgO—C
(189)
(195)(1)X=Protecting 
group
(2) Mg /dry THF O—X0 - H <Br
(198)
But in this case, the alcohol group had to be protected fiist before caiTymg out 
the Grignard reaction.
In the fust attempt, the hydroxyl group was protected with 2,3-diliydropyran 
(199) to give the corresponding bromoacetal (200) (Scheme 65).
Scheme 65
0H  + >- Br
(198)
Compound (200) was then used to perform the Grignaid reaction with 
benzophenone under the established reaction conditions (Scheme 6 6 ).
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Scheme 6 6
OBr
(200)
-f- Mg / dry THF
OBrMg-
O
+
(195)
BrMgO—C
H‘
H O -C OH
(189)
Formation o f the Grignard reagent appeared to proceed as expected, the
magnesium dissolvmg to form a slightly turbid solution of the reagent. Benzophenone
was then added and the reaction allowed to proceed. However, after work up by
quenching with 2 N  sulphuric acid and stirrmg the mixture for 2 h only a very low
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percentage of the product diol was obtained by this reaction scheme and hence a 
different solvent i.e, diethyl ether was used instead o f dry THF. But no improvement 
was observed. Subsequently it was found that the product diol was very unstable to 
prolonged exposure to acid (see below).
A different protecting group i.e, the triphenylmethyl (trityl) group was then 
used to protect the hydroxyl group o f the 2-(4-bromophenyl)ethanol (198). A 60 % 
yield of the pure, protected bromo derivative (2 0 1 ) was obtained and this was used for 
carrying out the Grignard reaction (Scheme 67).
Scheme 67
Br
(198)
OH + C—Cl
(201)
Again after work up with acid, no trace o f the tar get compound was found.
In another attempt at making the linker, a one-pot reaction was carried out 
dur ing which one equivalent of butyllithium was used to make the lithium alcoholate 
o f (198) and hence stopping this from interfering with the Grignard reaction. The 
alcoholate was not isolated but magnesium turnings were dropped into the flask and 
the reaction mixture stiri'ed. After about an hour, the whole reaction mixture solidified 
preventmg fur ther reaction. So, tliis approach was abandoned.
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Scheme 6 8
Br
(198)
IHFOH 4 -  Bu-Li -  »  Br ^  -isOC
(202)
M g/THF
O'Li
BrMg-
Finally, trimethylsilyl chloride (203) was used to protect the hydroxyl group of 
2-(4-bromophenyl)ethanol (198). An 85 % yield o f the protected trhnethylsilylbrorao 
compound (204) was isolated first before carrying out the Grignard reaction (Scheme 
69).
Scheme 69
Br
(198)
OH +
CH3ICl— Si— CH3
Ahs
(203)
DCM / Base
Br
(204)
CH3 IO—Si— CH3
CH3
Compoimd (204) was then refluxed with dry magnesium turnings in dry THF 
for 15 hours.
After that time, the solution o f the magnesium bromide derivative (205) was 
added to a solution of benzophenone in dry THF and the reaction mixtui e worked up 
in the usual manner (Scheme 70).
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Scheme 70
Br-
ÇH3
O—Si— CH3 (204)
CH3
Mg/THF
BrMg —Si— CH3 (205)
HO—C
(189)
The yield o f the diol was low and several prepaiations were caiTied out using a 
mild acid work-up in order to improve the yield. However, variable yields of the diol 
were obtained. It was suspected that the product diol was potentially unstable to acid. 
As a consequence, several experiments treating samples of the pure diol with dilute 
acid were carried out. This showed that the diol was rapidly decomposed by the acid, 
producing a series of degraded products (TLC monitoring). Presumably the trityl
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carbocation was formed and then quenched by the ethanolic hydroxyl group to give 
dimers, trimers, etc (Scheme 71).
Scheme 71
HOC—OH HHO
(189)
0 - HH O -C
(189)
H O -C ,0-C .0—H
(207)
Polymer
So, the work-up proceduie was then altered: the Grignaid reaction product 
was rapidly quenched with acid to pH 6 , extracted and immediately neutralised to 
give mainly the crude trimethylsilyl protected derivative (208) as a reddish yellow oil.
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— Si— o . /  % C -O H
(208)
A ten-fold excess of TBAF was added and stirred at room temperature with 
dry dichloromethane for 10 h after which the reaction was quenched with ice water. 
The organic layer was separated, dried and the solvent removed. Before the solvent 
was completely removed, the desired linker (189) crystallised out. It was 
characterised by mass spectrometry and ‘H NMR (Figure 52 in CDCI3 and Figure 53 
in CDCI3 / D2 O). Overall yield o f the diol fi*om the 2-(4-bromophenyl)ethanol (198)
starting compound was modest (40 %).
Figure 52
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Figure 53
—OHDO
3.5 3.0 2.5 2.04.0 ppm
J U
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Occasional failures o f this reaction were observed. These were due to the use 
o f an excess of magnesium turnings. The residual magnesium, after formation o f the 
Grignard reagent, was found to react preferentially with the added benzophenone 
hence consuming this by formation of benzpinacol mpt. 182-185^C, lit mpt. 187- 
I 88"C.
This unwanted reaction could be avoided by carefully decanting the solution 
o f Grignard reagent fi*om the unreacted magnesium turnings before using it in the 
reaction with benzophenone.
2.6.3. Attempted Coupling of Linker to Tentagel
Having prepared the diol (189), the next problem was to find a means for 
coupling it to the Tentagel chain (185). It was hoped that, o f the two hydroxyl groups 
present in the diol, only the primary hydroxyl group could behave as a nucleophile 
while leaving the tertiary hydroxyl group intact. Hence two reactions were carried out 
in order to make sure that substitution on the diol occurs selectively at the carbon 
atom of the primary alcohol. In the first reaction, the diol was reacted with tosyl 
chloride (145) whereby the mono tosylated diol (209) was formed (Scheme 72) which 
was characterised by microanalysis and *H NMR (Figure 54).
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Scheme 72
.OHHO—< Cl— :
(145)
(189)
HO—<
(209)
Figure 54
.0— sHO—C
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In the second reaction, the diol was made to react with an excess o f methyl 
iodide (180) which gave the methyl derivative (210) (Scheme 73).
Scheme 73
HO—
CHs—
(180)
BuLi/diyTHF
O -C H 3
(210)
Both o f the above reactions proved that substitution in the diol in fact occurs 
selectively on the primary alcohol.
An attempt was then made to connect the diol Ihiker to the polymer bead 
Tentagel (185). Two approaches are possible. To activate the primary alcohol o f the 
diol by converting it into a good leaving group (such as the iodide or tosylate) or to 
activate the Tentagel hydroxyl group and then reacting this with the alcoholate o f the 
diol. The latter approach was preferred.
In the first attempt, the Tentagel was first tosylated (Scheme 74) before 
reacting it with the alcoholate of the diol (Scheme 75). Sulphui' analysis indicated that 
75 % of the tosylated Tentagel (211) was in fact formed.
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Scheme 74
OH +
(145)
Pyridine / DCM
(211)
Scheme 75
(188)
Bu-Li
C—OH
o
Ç—OH +  HO—&— i  ^
(212)
Microanalysis o f the support (188) could not be obtained but it was assumed 
that the diol was linked to Tentagel and this was reacted with concentrated 
hydrochloric acid to give the chloride (191), washed with water and then reacted with 
N-allylfui*fuiylamine (118) to give the open form o f the amine (192) which on heating 
in toluene was expected to give the cycloadduct (193) (Scheme 61),
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Unfortunately, on hydrolysis, the expected cycloadduct (194) was not obtained 
(Scheme 62).
Hence some model reactions were performed in order to get the best reaction 
conditions for linking the diol to the polymer bead in order to make the support (188).
In the first attempt, 2-phenylethanol (213) was used instead of Tentagel, The 
alcohol was first tosylated (Scheme 76).
Scheme 76
(213)
OH + Cl— &
(145)
O -
(214)
An attempt was then made to connect the tosylated derivative (214) to the 
linker (189) (Scheme 77).
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Scheme 77
6
(214)
BuLi/THF
(189)
C—OH
C—OH
(215) (212)
Product (215) was not obtained and nearly all the starting diol (189) was 
recovered. The disappearance o f the tosyl derivative (214) after 3 h was observed 
while monitoring the reaction by TLC suggested that an elimination reaction occurred 
formhig styrene (216) (Scheme 78) instead o f the above substitution reaction.
The idea o f doing such a reaction was that once the above product (215) was 
obtained, it could have been converted to the chloride derivative (217) by shakmg 
vigorously with concentrated hydrochloric acid and then reacted with N- 
allylfui'fuiylamine (118) in the presence o f triethylamine as base to give (218). 
Heating this product in toluene should have given the cycloadduct (219) which on 
hydrolysis with dilute acid, should have given the deprotected cycloadduct (194) 
whereby leaving the support (215) available once more for reuse (Scheme 79).
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Scheme 78
HO
(189)
C—OH -h Bu-Li 0. c—o
H H O
0 - W  \
G &
(214)
HO
(189)
OH +
(216)
O+ HO-i-XJ 
(212)
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Scheme 79
O 
(219)
% / ^ \ /
O
OH +  Cone. HCl
T
Toluene / Reflux fl
T
H
C—N
H’
\  /
H
OH +  H - N
(215)
1 1 0
(194)
Unfoitimately, this model reaction did not occur as expected. In another 
attempt, an aliphatic alcohol i.e., 1-butanol (220) was used instead o f Tentagel. The 
latter was again tosylated as usual (Scheme 80),
Scheme 80
C4 H9 — OH 
(220)
+
/  \
o
C4 H9 — 0 —s
o  
(221)
The tosylated derivative was again made to react with the diol linker (189) m 
order to make the support (222) (Scheme 81) but again reaction did not occur*.
Scheme 81
OIIC4 H9 — o —s  
0
/  \ +
(221) Bu-Li
OH
(189)
C4 H9 — C—OH
(222)
Finally, this approach was successful by using a more polar solvent i.e, dry DMF and
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using a different base i.e., using sodium hydride instead of butyllithium. The diol was 
dissolved in dr y DMF and stirred with an excess of sodium hydride in an atmosphere 
of dry nitrogen at room temperature for 3 h. After that time, one equivalent o f 
iodopentane (223) was added and stitTed at 80^C for another 3 h in the same solvent. 
After work up, the pentyl derivative o f the diol (224) was isolated by column 
cliromatography (Scheme 82).
Scheme 82
HO
(189)
C—OH +  NaH DMF. O
C H3 —(C H2 )3 — C H2  1
(223)
C H3 —(C H2 )s— C H2 — o \ / - A  / C—OH
(224)
As this model reaction was successftil, the tosylated Tentagel was converted to 
the iodo derivative (225) by refluxing with potassium iodide in dry acetone for 12 h. 
The iodo Tentagel (225) was then linked to the diol by the same procedure described 
for the above model reaction (Scheme 83).
Once the linker was connected to the polymer bead, it was stirred with 
concentrated hydrochloric acid for 1 h in order to make the support. This was 
followed by reaction with the secondary amine and subsequent heating in toluene for
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15 h. Unfortunately, hydrolysis of the product did not yield the expected cycloadduct 
(194). Hence reseai'ch in this field was stopped at this point.
Scheme 83
HO / ^  h— Ç—OH +  NaH DMF.
(189)
c —o
(225)
C—OH
(188)
Conclusion
The above studies have illustrated the use o f steric buttressing to effect 
formation of a system that is itself thermodynamically unstable (116 to 117, R = H, 
page 40). Steric buttressmg has also been used to accelerate ene reactions (157 to 158, 
page 70). Initial studies on the development o f solid phase supports to cany out these 
reactions have also been started. There remains much to do. Use of alternative 
secondary amines can be exploited and development o f the initial work on 
competitive cycloaddition reaction is also required. A gap that requiies investigation 
is the use o f chiral steric buttressing in order to produce enantioselectivity.
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Chapter 3 
Experimental
Melting points were obtained on a Kofler hot-stage apparatus and are 
uncorrected. Mass spectra were obtained from the EPSRC National Mass 
Spectrometiy service centre, Swansea; infraied spectra on a Perkin Elmer System 
2000 FTIR spectrometer, as either thin fihns or as KBr discs. NMR spectra were 
obtained on a Bruker AC 300 and AC 360 instruments at 300 and 360 MHz 
respectively, using CDCI3 and CgDg solutions with tetramethylsilane as internal 
reference, unless otherwise indicated, ô values are given in ppm, coupling constants 
are given in Hz. Subscript letters refer to the hydrogen assigmiients as noted in the 
numbered structures. Microanalytical determinations were conducted by MEDAC 
Ltd. Thin layer chiomatogiaphy was carried out on 0.25 mm GF60A silica plates and 
column chromatogiaphy utilised Sorbisil silica, paiticle size in the range 50-200 m 
(70-290 mesh). Solvent ratios are in volumes prior to mixing. Dicliloromethane 
solvent was dried over calcium hydride and then distilled. THF was obtained dry by 
distillation in the presence o f benzophenone / sodium. Reaction solvents were dried 
over anhydrous sodium sulphate, filtered and then removed under reduced pressme 
using the rotary evaporator. Petroleum ether refers to the fr action of boiling range 
between 40-60® C. Tentagel loading was 0.26 mmol / g.
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SECTION A 
DIELS -ALDER CYCLOADDITION REACTIONS
Experiment 1
Preparation of N-[(2,4,6 -trimethyI)benzyl]furfurylamine (124)
N
H
(124)
Procedure
2,4,6-Trimethylbenzyl chloride (122) (3.37 g, 20 mmol) was dissolved in dry 
dicliloromethane (20 cm^). Diisopropylethylamine (2.5 g, 2Q mpiql) was added and 
the mixtui’e stiired with fui*forylamine (123) (1.94 g, 20 mmol) for 24 h. After that 
time, it was neutralised with sodium hydroxide (20 cm \ 2 M), washed with water (2 x 
2 0  cm^), dried with anhydrous sodium sulphate and the solvent removed at the rotary 
evaporator. The product was purified by column chromatography (neutral silica gel / 
dichloromethane) to give the product (124) as a yellow oil which was char acterised by 
NMR (Figure 21) and mass spectrometry.
Yield =4.1 g, 90%.
ÔH (300 MHz, CDCI3) 7.35 (1 H, d, J L 8), 6.81 (2 H, s, Ar), 6.31 (1 H, dd, 
J1.8, 3.0), 6.19 (1 H, d, 73.0), 3.83 (2 H, s), 3.70 (2 H, s), 2.28 (3 H, s), 2.23 (3 H, s),
1 .42(lH ,bs.).
Found: MH^, 230.3202. CisHigNO.H^ requires 230.3212
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Experiment 2
Preparation of N-[(2,4,6-triinethyI)benzyl]-N-alIy!furfuiylamine (126)
(126)
Procedure
N-[(2,4,6 -Trimethyl)benzyl]furfurylamine (124) (2.29 g, 10 mmol) was 
dissolved in dry dichloromethane (15 cm^). Diisopropylethylamine (1.29 g, 10 mmol) 
and allyl bromide (125) (1.21 g, 10 mmol) were added and the mixture stirred for 24 
h.
After that thne, it was neutralised with sodium hydroxide (20 cnf, 2 M), 
washed with water (2  x 20  cnf), dried with anhydrous sodium sulphate and the 
solvent removed at the rotaiy evaporator. The product was purified by column 
chromatogiaphy (neutral silica gel / dichloromethane) to give the N -[(2,4,6- 
trimethyl)benzyl]-N-allylfurfurylamme (126) as a thick yellow oil which was 
characterised by ‘H NMR (Figuie 22) and mass spectrometiy.
Yield = 1.35 g, 50 %.
ÔH (300 MHz, CDCls) 7.35 (1 H, d, J2.0), 6.80 (2 H, s, Ar), 6.30 (1 H, dd, 
J2.0, 3.0), 6.15 (IH, d, J3.0), 5.85-5.75 (1 H, m), 5.21-5.09 (2 H, m), 3.57 (2 H, s), 
3.56 (2 H, s), 3.0 (2 H, d, J6.3), 2.29-2.02 (9 H, 3 xCH3).
Found: MH^, 270.1858. C18H23NO. MH" requires 270.1858
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Experiment 3
Preparation of 8-[(2,4,6-trimethyl)benzyI]-8-aza-l,4-oxidobicyclo[4.3.0]non-2-ene 
(127)
(127)
Procedure
N-[(2,4,6-Trimethyl)benzyl]-N-allylfiii'ftirylamme (0.5 g, 1.86 ininol) (126) 
was refluxed in xylene (1 0  cm^) for 60 h in order to find the equilibrium point 
between the opened and closed form. This was estimated by NMR wliich showed a 
ratio o f 90 ; 10 m favour of the open form (see Figure 23).
Experiment 4
Preparation of N-allylfurfurylamine (118) and N-dialiylfurfurylamine (134),
H
(118)
Hg H,
/ \(134)
Procedure
Allyl bromide (125) (30.25 g, 250 mmol) was added dropwise with stirring 
and cooling to 2-furfurylamine (123) (24.25 g, 250 mmol). The mixture was sthred at 
room temperature for an hour with triethylamine (25,25 g, 250 mmol) as base in dry 
dichloromethane (150 cm^).
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After that time, the mixture was washed with water (2 x 150 cm^), the organic 
layer dried with anhydrous sodium sulphate and the solvent removed at the rotary 
evaporator. Separation by column chromatography (neutral silica gel / chloroform) 
gave the N-diallyl derivative (134) as the fir st fiaction, the N-allyl derivative (118) as 
the second fi-action and any unreacted 2-ftufurylamine (123) as the last fraction 
(eluted by a mixture of 90 % dichloromethane and 10 % methanol).
The monoallyl derivative (118) was characterised by *H ISIMR and mass 
spectrometry.
ÔH (300 MHz, CDCls) 7.36 (Ha, d, J1.9), 6.31 (Hy, dd, J1.9, 3.0), 6.17 (He, d, 
J3.0), 5.92 (Hd, m), 5.18 (He, dd, J1.5, 17.2), 5.11 (Hf, dd, J1.5, 10.2), 3.78 (2 Hg, s), 
3.25 (2 Hh, d, J6.0), 1.51 (Hi, bs.).
Found: MH^, 138.0919. CgHnNO.H^ requires 138.0919
The diallyl derivative (134) was also characterised by ^H NMR and mass 
spectrometry.
ÔH (300 MHz, CDCls) 7.37 (Ha, d, J1.9), 6.31 (Hy, dd, J1.9, 3.0), 6.17 (He, d, 
J3.0), 5.94-5.81 (Hd, m), 5.22 (2He, dd, J1.5, 17.2), 5.15 (2  Hf, dd, J1.5, 10 .2), 3.64 (2  
Hg, s), 3.07(4H h,d, J6.0).
Found: MH^, 178.1232. CnHisNO.H^ requires 178.1232
Experiment 5
Preparation of 9-phenyl-9-fluorenyI chloride (131)
(131)
Procedure
9-Phenyl-9-fluorenol (130) (2.58 g, 10 mmol) was dissolved in dry 
dichloromethane (10 cm^). An excess o f concentrated hydrochloric acid (10 cm^) was 
added and the mixture shaken vigorously for 30 minutes.
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After that time, it was allowed to stand for a few minutes until the two layers 
were separated. The organic later was then dried with anhydrous sodium sulphate and 
the solvent removed in vacuo to yield the 9-phenyl-9-fluorenyl chloride (131) as a 
white crystalline solid. The latter was characterised by I.R which clearly indicated the 
disappearance o f the hydroxyl group compared to the I.R spectium of the starting 
compound.
Yield =2.19 g, 76% .
M.Pt. =61-62‘’C.
Experiment 6
Preparation of 8-[9-phenyl-9-fluorenyl]-8-aza-l,4“Oxidobicyclo[4.3.0]non-2-ene 
(138)
(138)
Procedure
9-Phenyl-9-fluorenyl chloride (131) (1.38 g, 5 mmol) was dissolved in dry 
dichloromethane (5 cm^). N-Allylfurftuylamine (118) (0.69 g, 5 mmol) was added 
followed by triethylamine (0.6 g, 6  mmol). The mixture was stirred at room 
temperature for 24 h, monitoring the reaction by TLC at different time intervals but 
no change was observed. The solution was then refluxed for 60 h. Thm layer 
clii'omatogi'aphy indicated the presence o f a new compound which was in fact 8-[9- 
phenyl-9-fluorenyl]-8-aza-l,4-oxidobicycIo[4.3.0]non-2-ene (138), The latter was 
isolated by column chromatogiaphy (silica gel / diclftoromethane), recrystallised ftom
ethanol and characterised by NMR and microanalysis.
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Yield =0.75 g, 40%
MPt =71-72“C
5h (300 MHz, CDCls) 7.71 (13 H, m, Ar), 6.31 (H., d, J5J), 6.19 (% , dd, 
J1.6, 11.7), 4.87 (He, dd, M.5, 7.4), 3.21 and 2.63 (Hd and H„ ABq, J 1 1.6), 3.15 (Hg, 
dd, J7.2, 9.9), 2.32 (Hf, dd, J8 .7 , 9.9), 1.96 (Ht, m), 1.53 (Hi, m), 1.22 (Hj. dd, J7.6,
11.4).
Found: C, 86.15; H, 6.25; N, 3.6. C27H23NO requh'es C, 85.9; H, 6.1; N, 3.7 %. 
Experiment 7
Preparation of 8-[N-alIyI]-8-aza-l,4-oxidobicyclo[4.3.0]non-2-ene (139)
Procedure
The N-(diallyl)-N-fijrflirylamine (134) (1.33 g, 7.5 mmol) was dissolved in 
toluene (15 cm^)and heated to reflux for 50 h.
After that time, toluene was removed at the rotary evaporator. NMR of the 
resulting product showed an equilibrium ratio of 1 : 3 in favour of the open form. The 
cycloadduct was not isolated but characterised by NMR (Figure 27) after 
substractmg that o f the open form.
ÔH (300 MHz, CDCI3) 6.41 (H a, d, J5.7), 6.27 (% , dd, J1.6, 5.7), 5,94-5.81 
(H,n, m), 5.22 (2 H i, dd, J1.5, 17.2), 5.0 (H e, dd, Jl.6, 4.4), 3.57 and 2.66 (Hd and H e, 
ABq, J11.8), 3.24 (H g, dd, J7.1, 10.2), 3.09 (2 Hh, d, J6.5), 2.16 (H f, dd, J  8.4, 10.2), 
2.08-1.99 (Hk, m), 1.74-1.67 (H i, m), 1.33 (H j, d d ,J7 .6 ,11.4).
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Experiment 8
Preparation of N-[diallylmethyl]-N-furfuiylamine iodide (142) and 8-[N- 
aIlylmetliyl]-8-aza-l,4-oxidobicycIo[4.3.0]non-2-enyl iodide (144)
(142)
He
and
(144)
Procedure
The N-(diallyl)flii'furylamine (134) (1.33 g, 7.5 mmol) was stirred with a four­
fold excess o f iodoinethane (4.26 g, 30 mmol) at room temperature for 3 h.
After that time, the excess volatile iodomethane was removed at the rotaiy 
evaporator. The products were not isolated but characterised by NMR which 
showed a ratio o f 1:3 in favour of the cycloadduct (Figure 29). (Note: mixture was not 
heated to equilibrium).
N-[diaIlyl-N-(methyl)]furfurylamine iodide (142)
ÔH (300 MHz, CDCI3) 7.58 (Ha, d, J l . 6), 7.05 (He, d, J3.3), 6.51 (% , dd, J1.9, 
3.3), 6.19-6.06 (Hd, ni), 5.87 (2 He, dd, J1.5, 17.2), 5.80 (2 Hf, dd, J1.5, 10.2), 4.93 (2 
Hg, s), 4.20 (4 Hh, d, J7.2), 3.23 (3 H, s).
8-[N-aIlyImetliyl]-8-aza-l,4-oxidobicyclo[4.3.0]non-2-enyl iodide (144)
ÔH (300 MHz, CDCI3) of (144): 6.74 (Ha, d, J5.8), 6.44 (% , dd, J1.4, 5.7), 
6.19-6.06 (Hni, m), 5.74 (2 Hi, dd, J1.5, 17.2), 5.13 (He, dd, J1.5, 4.5), 4.66 and 4.03 
(Hd and He, ABq, J14.0), 4.37 (Hg, dd, J7.1, 10.2), 4.20 (2 % , d, J7.2), 3.71 (3 H, s), 
3.33 (Hfe dd, J 8 .4 ,10.2), 2.82-2.78 (Hk, m), 1.86-1.82 (Hi, m), 1.65-1.60 (Hj, m).
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Experiment 9
Preparation of N-[3-methyIbut-2-enyl]furfuiylamine (140) and N-bis[3-
methylbut-2-enyl]furfuiylamine (141),
H eftH f I t
+
(141)
W //
(140)
Procedure
l-Bromo-3-methylbut-2-ene (154) (2.98 g, 20 mmol) was added dropwise 
with stirring and cooling to 2-furfiirylamine (5.82 g, 60 mmol). The mixtnie was 
stirred at room temperature for half an houi\
After that time, the mixture was washed with water (2 x 50 cm^), the organic 
layer dried by anhydrous sodium sulphate and the solvent removed at the rotaiy 
evaporator. Separation by column clnomatogiaphy (neutral silica gel / chloroform) 
gave any unreacted 1 -bromo-3 -methylbut-2-ene (154) as the first fraction, the N- 
bis[3-methylbut-2-enyl]fiirfuiylamine (141) as the second fraction, the N-[3- 
methylbut-2-enyl] fuifurylamine (140) as the third fraction and any unreacted 2 - 
furfiirylamine as the last fraction (eluted by dichloromethane). Both derivatives aie 
pale yellow oils and were both characterised by NMR and mass spectrometry.
N-[3-methyIbut-2-enyI]furfuryIamine (140)
ÔH (300 MHz, CDCI3) 7.38 (H a, d, J1.9), 6.33 (% , dd, J1.9, 3.0), 6.27 (H e, d, 
J3.0), 5.25 (Hd, t, J7.0), 3.83 (2 He, s), 3.27 (2 Hf, d, J7.0), 1.92 (Hg, bs.),1.73 (3 H, s), 
1.63 (3 H, s).
Found: MH^, 234,3528. C15H23NO.H*' requires 234.3528
3-bis[metIiyibut -2-enyl] derivative (141)
ÔH (300 MHz, CDCI3) 7.36 (H a, d, J1.8), 6.30 (Hy, dd, J1.8, 3.1), 6.15 (He, d,
J3.1), 5.29 (2 Hd, t, J6.9), 3.60 (2 H e, s), 3.0 (4 H f, d, J6.9), 1.72 (6  H , s), 1.61 (6  H ,
s). Found: MH", 166.2346. CioHisNO.H" requires 166.2346
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Experiment 10
Preparation of N-[(4-methyIphenyl)sulphonyl]-N-aIlyIfurfurylamine (146)
Hi Hi %
Procedure
4-MethylphenylsuIphonyl chloride (145) (4.77 g, 30 mmol) was dissolved in 
pyridine (25 cm^) and stirred in an ice cold water bath. To the cold stiiTing mixture, 
N-allylfurfurylamine (118) (4.11 g, 30 mmol) was added dropwise.
After 3 h, the mixtuie was pouied into cold water (20 cm^) and extracted with 
dichloromethane (2 x 50 cm^). The organic extracts were washed with 2 M HCl (2 x 
50 cm^), water (2 x 50 cm^), dried with anhydrous sodium sulphate and the solvent 
removed at the rotary evaporator to yield the title sulphonamide (145) as a pale yellow 
viscous oil.
The product was purified by column chromatography (silica gel / 
dichloromethane) and char acterised by NMR (Figure 31) and microanalysis.
Yield =6.1 g, 70 %.
ÔH (300 MHz, CDCls) 7.62 (2 H«, d, J8.3, Ar), 7.25 (2 % , d, J8.3, Ar), 7.24 
(He, d, J1.9), 6.25 (Hd, dd, J1.9, 3.1), 6.14 (H e, d, J3.1), 5.68-5.57 (Hf, m), 5.18-5.14 
(2 Hg, m), 4.39 (2 Hh, s), 3.77 (2 Hi, d, J6.3), 2.41 (3 H, s).
Found: C, 61.5; H, 5.8; N, 4.7 %. C15H 17NO3S requires C, 61.8; H, 5.9; N, 4.8 %.
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Experiment 11
Preparation of 8-(4-methylphenylsiilfonyl)-8-aza-l,4-oxidobieyclo[4.3.0]non-2- 
ene (147).
•S— N
(147)
Procedure
The N-(4-methylphenylsulphonyl)-N-allylfurflirylainine (146) (2.91 g, 10 
mmol) was dissolved in xylene and refluxed for 30 h.
After this time, TLC indicated the presence o f still some of the uncyclised N- 
(4“methylphenylsulphonyl)“N-allylfurfurylamine (146) in the solution. The pure 
cycloadduct was isolated by column chromatography (silica gel / dichloromethane) as 
a viscous gum, which eventually crystallised to the title 8-(4-methylphenylsulfonyl)- 
8 -aza-1,4-oxidobicyclo[4.3.0]non-2-ene (147) cycloadduct. It was characterised by 
NMR (Figure 32) and microanalysis.
Yield = 1.9 g, 65.3%.
ÔH (300 MHz, CDCls) 7.71 (2 Hi, d, J8.2, Ar), 7.31 (2 Hm, d, J8.2, Ar), 6.34 
(H a, d, Jl-5), 6.32 (Hb, dd, J1.5, 5.9), 4.94 (H e, m), 3.94 and 3.50 (H d and H e, Abq, 
J12.1), 3.88-3.86 (H g, m), 2.71-2.65 (H f, m), 2.41 (3 H , s), 2.10-2.04 (Hr, m), 1.67- 
1.60 (Hi, m), 1.3 6 - 1.32 (Hj, m).
Found: C, 61.7; H, 5.8; N, 4.7 %. C15H17NO3S requiies C, 61.8; H, 5.9; N,
4.8 %.
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Experiment 12
Preparation of N-[beiizoyl]-N-alIylfurfurylainiiie (149)
(149)
Procedure
N-Allylfurfurylamine (118) (4.11 g, 30 ininol) was dissolved in pyridine (25 
cm^) and stirred in an ice cold water bath. To the stirring cold solution, benzoyl 
chloride (4.2 g, 30 luinol) was added dropwise. The mixture was then stirred at room 
temperature for 5 h.
After that time, the mixtuie was poured into cold water (100 cnf) and 
extracted with dichloromethane (100 cnf). The organic extracts were washed with 
bench hydrochloric acid (3 x 100 cm^), water (3 x 100 cnf), dried with anhydrous 
sodium sulphate and the solvent removed at the rotaiy evaporator to yield the title 
benzamide (149) as a pale yellow viscous oil.
The product was purified by column chromatogiaphy (silica gel / 
dichloromethane) and characterised by NMR (Figure 37) and microanalysis.
Yield = 4.5 g, 60 %.
8h  (300 MHz, CDC]3,2 S"C) 7.39 (6 H, Ar), 6.28 (2H), 5.83 and 5.73 (1 H, two 
broad signals), 5.23 (2 H, m), 4.7-4.4 (2 H), 4.1-3.8 (2 H). At -20°C, the spectnmi 
resolved into two overlapping sets o f signals corresponding to the two rotamers, in ca. 
1:1 ratio (Figuie 37)
Found: C, 74.6; H, 6.4; N, 5.7 %. C15H 15NO2 requires C, 74.7; H, 6.3; N,
5.8 %. Vmax 1641 cm'^
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Experiment 13
Preparation of 8-[benzoyl]-8-aza~l,4"OxidobicycIo[4.3.0]non-2-ene (150)
O H
(150)
Procedure
The N-benzoyl-N-allylfui'flirylamme (0.5 g, 2.1 mmol) (149) was refluxed in 
xylene (10 cm^) for 30 h in order to find the equilibrium point between the opened 
and closed form. This was estimated by NMR which showed a ratio of 20 : 80 in 
favour o f the closed form (see Figure 38)
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SECTION B 
ENE REACTION
Experiment 14
Preparation of N~[(TriphenyI)methyl]-N-aIlylainine (190)
(190)
Procedure
Triphenylmethyîchloride (136) (5.57 g, 20 mmol) was dissolved in dry 
dichloromethane (30 cm^). Allylamine (155) (1.14 g, 20 mmol) and tiiethylamine 
(3.03 g, 30 mmol) were added and the mixture stirred at room temperature for 1 h.
After that time, the mixture was washed with bench sodium hydroxide (30 
cm^), water (30 cm^) and then dried with anhydrous sodium sulphate. The solvent was 
removed in vacuo whereby N-[(triphenyl)methyl]-N-allylamine (190) was obtained as 
a white crystalline solid. Tliis was recrystallised with hot ethanol (4.8 g, 80 %).
M.Pt. =82° C
ÔH (360 MHz, CDCls) 7.50-7.16 (15 H, m, Ar), 6.0-5.90 (1 H, m), 5.26 (1 H, 
dd, J1.5, 17.5), 5.06 (1 H, dd, J1.5, 10.4), 2.76 (2 He, d, J5.1), 1.60 (1 H, b.s.).
Found: C, 88.1; H, 7.1; N, 4.6 %. C22H21N requhes: C, 88.25; H, 7.1; N, 4.7 %.
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Experiment 15
Reaction of N-[(TriplienyI)methyI]-N-allylamine (156) with l-bromo-3-methyl- 
but-2-ene (154) to give compound (157)
(157)
Procedure
N-[(Triphenyl)methyl]-N-allylamine (156) (2.99 g, 10 mmol) was dissolved in 
diy THF (25 cm^). A very pale yellow solution was obtained. The solution was stiired 
in an ice bath at a temperature o f -15® C for half an hour while butyllithium (5 cm^, 10 
mmol) was added dropwise. A reddish brown solution was obtained. Stirring was 
continued for another half an horn* while 1-bromo-3-methyl-but-2-ene (154) (1.49 g, 
10 mmol) was added dropwise. The mixture turned yellow again. Finally, it was 
allowed to reach room temperature and stirred for a further half an hour. 
Dichloromethane (30 cm^) was added to extract the organic product as it is more 
soluble in it than THF. The organic layer was washed with bench sodium hydroxide 
(30 cm^), distilled water (30 cm^) and then dried by anhydrous sodium sulphate. The 
solvent was removed in vacuo whereby the product (157) was obtained as a viscous 
yellow oil. The latter was characterised by *H NMR (Figure 40) and mass 
spectroscopy.
ÔH (360 MHz, CDCls) 7.54-7.10 (15 H, m, Ar), 6.02-5.92 (1 H, m), 5.36 (1 H, 
t, J6.4), 4.87 (IH, dd, J1.4, 18.0), 4.83 (1 H, dd, J1.4, 10.4), 2.95 (2 H, d, J6.5), 2.92 
(2 H, d, J6.9), 1.62 (3 H, s), 1.32 (3 H, s).
F. A. B. mass spectrometry: Found M^ 367.023. C27H29N requires M^ 
367.5328
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Experiment 16 
Cyclisation of (157) to (158)
(158)
Procedure
Compound (157) (50 mg, 0.14 mmol) was dissolved in CgDg and placed in an 
NMR tube. The latter was refluxed in xylene at 140^ C for 100 h. After that thne, its 
cycloadduct (158) was formed, the cyclisation occurring to the extent > 99 % (see 
Figure 41).
ÔH (360 MHz, CôDô) 7.67-6.97 (15 H, m, Ar), 4.78 (1 H, bs), 4.64 (1 H, bs), 
3.11-2.97 (2 H, m), 2.51-2.45 (2 H, m), 2.19-2.15 (1 H, m), 2.07-2.0 (1 H, m), 1.51 (3 
H, s), 0 .58(3H ,d , J7 ).
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SECTION C
COMPETITIVE DIELS-ALDER CYCLOADDITION AND 
ENE REACTIONS
Experiment 17
Preparation of Dimethyl 3-(N-furfuryl)amino fumaric ester (160) and Dimethyl 
3-(N-furfuiyl)amino maleic ester (161).
Hb % “ b
(161)
Procedure
Dimethylacetylenedicai’boxylate (159) (2.84 g, 20 mmol) and 2-ftirfurylamine 
(123) (1.94 g, 20 mmol), were stiiTed at room temperatme in dry diclftoromethane (10 
cm^) for 5 h. As the reaction is vigorous and highly exothermic, the 
dimethylacetylenedicai'boxylate was added dropwise. It was monitored by TLC, 
which showed the formation of two new products.
The solvent was then removed and the product checked by *H NMR. The 
crude NMR showed the presence o f two isomers. However, column cinematography 
(neutral silica gel / dichloromethane) was carried out and the fii'st elute isolated as a 
pale yellow oil. The latter was characterized by *H NMR (Figure 43b) and 
microanalysis, which proved to be the hydrogen bonded isomer (160).
Yield = 1 . 9 g , 4 0 %
ÔH (300 MHz, CDCI3) 8.30 (1 Hf, sbr.,), 7.35 (H«, d, J1.2), 6.29 (Hb, dd, J1.9, 
3.1), 6.18 (He, d, J3.1), 5.24 (Hd, s), 4.57 (2 He, d, J6.2), 3.83 (3 H, s), 3.68 (3 H, s).
Found: C, 55.0; H, 5.5; N, 5.8 %. C11H 13NO5 requires C, 55.2; H, 5.5; N, 5.8 %.
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The second isomer (161) could not be isolated, as it may have isomerised to 
the first one (160) during isolation by column chromatography. However, its *H NMR 
results could be obtamed fiom the crude NMR of the mixture after subtraction of the 
NMR results o f the hydrogen bonded isomer (ftom Figure 43a).
ÔH (300 MHz, CDCI3) 7.38 (H«, d, J1.2), 6.47 (Hb, dd, J 1 .8 , 3.4), 6.34 (He, d, 
J3.2), 4.86 (Hd, s), 4.18(2 He, d, J5.1), 3.88 (3 H, s), 3.66 (3 H, s), 1.68 (1 Hf, sbr.).
Experiment 18
Attempted preparation of cycloadduct (162)
/
-O — CH3
(162)
Procedure
Dimethyl acetylenedicarboxylate (159) (0.71 g, 5 mmol) was added to 
compound (160) (1.20 g, 5 mmol) and sthred in dry dichloromethane (5 cm^) for 15 h.
After that time, the solvent was removed in vacuo and the product checked by 
^H NMR, which showed the formation o f a complex mixture o f compounds and the 
cycloadduct (162) could not be isolated.
This reaction was also done in the microwave for 20 seconds at 500 watts but 
the result was the same.
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Experiment 19
Preparation of N-[(triplienyl)methyl]-N-furfui’ylamine (133)
(133)
Procedure
Triphenylmethyîchloride (136) (2.79 g, 10 mmol), 2-âirfuiylamine (123) 
(0.88 cm^, 10 mmol) and triethylamine (1.09 cm^, 15 mmol) were added to 
dichloromethane (2 0  cm^) and the reaction mixture stirred at room temperature for 1 
h. The flask was connected to a calcium chloride guard tube as the 
triphenylmethyîchloride is sensitive to moistur e.
After that thne, the mixture was washed with sodium hydroxide (50 cnf), 
water (2 x 50 cm^), dried with anhydrous sodium sulphate and the solvent removed in 
vacuo, A yellow oil was obtained which after drying at the pimip using liquid nitrogen 
trap, gave a pale yellow solid. The latter was dissolved in hot ethanol and, on cooling, 
a white crystalline solid (133) was obtained, m/z 339 (M^).
Yield = (2.3 g, 67.8%);
M .pt. = 101-102® C
ÔH (360 MHz, CDCI3) 7.55-7.17 (16 H, rn, Ar), 6.32 (1 H, dd, J1.90, 2.96), 
6.22 (1 H, d, 73.2), 3.30 (2 H, s), 2.00 (1 H, bs.).
Found: C, 85.1; H, 6.2; N, 4.0 %. C24H21NO requhes C, 85.0; H, 6.2; N, 4.1 %.
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Experiment 20
Preparation of N-triphenylmethylcycIoadduct (163)
 /  Hf Pe
C—N
Hb Ha 
(163)
Procedure
N“[(Triphenyl)methyl]fui*flirylamme (133) (2.70 g, 8 mmol) was dissolved in 
dry dichloromethane (10 cm^). Dimethyl acetylenedicai'boxylate (159) (4.55 g, 32 
mmol) was added and stirred at room temperature for 20  h, monitoring the reaction by 
TLC as it proceeds.
After that time, the solvent was removed in vacuo and the mixture separated 
by column cliromatography (neutral silica gel / dichloromethane). The last fraction 
contained the desired product that was isolated as a white crystalline solid. The latter 
was recrystallised from ethanol and then characterised by *H NMR (Figure 44a and 
44b) and microanalysis.
Yield =2.7 g, 72 %.
M P t  = 1 1 8 - 1 2 0 ° C .
ÔH (300 MHz, C D C l s )  7.52-7.18 (15 H, m, Ar), 7.15 (Ha, dd, J1.8, 5.3), 6.93 
(Hb, d, J5.3), 5.66 (He, d, J 1.8), 3.85 (3 H, s), 3.80 (3 H, s), 3.18 (Hf, dd, J  10.9, 12.6), 
2.76 (He, dd, J4 .3 ,12.6), 2.17 (Hg, dd, J4.3, 10.9).
ÔH (300 MHz, C D C l s  / D ^ O )  7.51-7.17 (15 H, m, Ar), 7.15 (Ha, dd, 
J1.8, 5.3), 6.93 (Hb, d, J53), 5.66 (He, d, J1.8), 3.85 (3 H, s), 3.80 (3 H, s), 3.17 and 
2.75 (Hf and He, ABq, J12.7).
Found: C, 75.0; H, 5.8; N, 2.8 %. C 30H 27N O 5  requiies C, 74.8; H, 5.65; N, 2.9 %.
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Experiment 21
Preparation of cycloadduct (164)
\ /
(164)
Procedure
The N-[(triphenyl)methyl]cycloadduct (163) (3.09 g, 6.2 mmol) was added to 
ethanol (15 cm^) and warmed until it dissolved. Dilute sulphuric acid (2 M) was 
added dropwise with stkring until no further precipitation occurred. The mixture was 
stirred for a further 10 minutes and then filtered to remove both the triphenylmethyl 
ethoxide and the triphenylmethyl alcohol formed as a white precipitate. The filtrate 
was then neutralised with sodium hydroxide (2 M) and the organic component 
extracted into dichloromethane. The latter was dried with anhydrous sodium sulphate 
and the solvent removed in vacuo. The product was obtained as a white crystalline 
solid.
Yield (crude) =1.2 g, 80 %.
MPt =68-70°C.
As the compound was hygroscopic, it could not be characterised. An attempt 
was made to prepare its benzoyl derivative and then chai*acterise it.
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Experiment 22
Attempted preparation of N-benzoyl derivative of cycloadduct (168)
.CH3
\ ______/u
H V— /
(168)
Procedure
The cycloadduct (164) (0.48 g, 2.0 mmol) was stiiTed with benzoyl chloride 
(167) (0.28 g, 2 mmol) in dry dichloromethane (10 cm )^ at room temperature for 15 h 
in the presence of two equivalents of triethylamine (0.40 g, 4 mmol).
After that time, it was washed with distilled water ( 2 x 3 0  cm^), treated rapidly 
with bench hydrochloric acid (25 cm^) to remove excess triethylamine and then 
neutralised with aqueous sodium carbonate (25 cm^) to remove any unieacted benzoyl 
chloride. Finally, it was dried with anhydrous sodium sulphate and the solvent 
removed at the rotary evaporator but unfortunately the desired compound (168) could 
not be obtained. Mass spectrometry o f the expected product indicated a molecular* ion 
peak at MET = 202 corresponding to the benzamide (169) formed as a result o f retro 
Diels-Alder product (Scheme 49).
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Experiment 23
Attempted preparation of N-[(triphenyl)methyl-cycloadduct (171)
,CH3
■C—N
(171)
Procedure
N-[(Triphenyl)methyl]furfuiylamine (133) (2.03 g, 6  mmol) was dissolved in 
dry dicliloromethane (10 cm^). Methylpropiolate (170) (2.02 g, 24 mmol) was added 
and stkred at room temperature for 72 h, monitoring the reaction by TLC as it 
proceeds but no indication of the expected product was observed. This reaction 
mixture was also subjected to microwave treatment for a period o f 10 seconds at 100 , 
250 and 500 watts sepaiately but no sign of any product was observed.
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Experiment 24
Preparation of N-[(tripIienyl)methyl-N-aIiyIfurfuiylainine (172)
(172)
Procedure
N-Allylfurfurylamine (118) (1.37 g, 10 mmol) was stirred with
triphenylmethyl chloride (136) (0.56 g, 2 mmol) in diy dichloromethane (10 cm^) at 
room temperature for 15 h.
After that time, it was washed with distilled water (2 x 50 cm^), dried with 
anhydrous sodium sulphate and the solvent removed at the rotaiy evaporator. Column 
chromatography (neutral silica gel / chloroform) gave the desired compound as a thick 
pale yellow oil as the first ftaction. The latter was chaiacterised by NMR and 
microanalysis.
Yield =0.52 g, 69 %.
5» (360 MHz, CDCls) 7.63-7.13 (16 H, m, Ar), 6.30 (1 H, dd, J2.2, 4.3), 6.1 (1 
H, d, J2.9), 5.47-5.34 (1 H, m), 4.70-4.60 (2 H, m), 3.43 (2 H, s), 3.0 (2 H, d, J5.6).
Found C, 85.2; H, 6.9; N, 3.4 %; C27H25NO requires C, 85.45; H, 6 .6 ; N, 3.7 %.
137
Experiment 25
Preparation of N-[(triphenyl)methyl-N-aIIy!cycIoadduct(174)
■C—N
(174)
Procedure
The N-triphenylmethyl-N-allylfui'fiu'ylamme (172) (0.52 g, 1.37 mmol) was 
dissolved in dry dichloromethane (10 cm^). Five equivalent o f dimethylacetylene- 
dicai'boxylate (159) (0.974 g, 6.86 mmol) was added and stirred at room temperature 
for 120 h, monitoring the reaction by TLC as it proceeds.
After that time, both TLC and crude NMR indicated the presence o f a new 
compound. The latter was isolated by column chromatography (neutral silicagel / 
dichloromethane) and the deshed product (174) was isolated and characterised by 
NMR (Figuie 52) and mass spectrometry, m/z 521.8 (MIT^),
Yield =0.15 g, 21 %.
ÔH (300 MHz, C D C I 3 )  7.53-7.13 (17 H, m, Ar), 5,67 (1 H, d, J1.9), 5,21-5,12 
(1 H, m), 4,80-4,75 (2 H, m), 3,75 (3 H, s), 3,57 (3 H, s), 3,55 and 3,14 (2 H, ABq, 
J14.6), 3,43 (1 H, dd, J6,9, 16.0), 3.15 (1 H, dd, J6.9, 9.9).
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Experiment 26
Preparation of N-[(triphenyl)methyI]-N-[3-methyIbut-2-enyl]furfuiyIamine (175)
C—N
(175)
Procedure
The N-(3-methylbut-2-enyl)furfuiylamine (140) (0.825 g, 5 mmol) was stined 
with triphenylmethyl chloride (136) (1.3925 g, 5 mmol) in dry dichloromethane (10 
cm^) at room temperature for 15 h in the presence o f triethylamine (0.606 g, 6 mmol).
After that time, it was washed with distilled water (2 x 30 cm^), diied by 
anliydrous sodium sulphate and the solvent removed at the rotary evaporator. Column 
chi'omatography (neutral silica gel / chloroform) gave the desired compound (175) as 
a thick pale yellow oil as the first fiaction. The latter was characterised by NMR 
and mass spectrometry, m/z: 407 (M^).
Yield =1.42 g, 70 %.
ÔH (300 MHz, CDCls) 7.69-7.10 (16 H, m, Ar), 6.23 (Ha, dd, J1.9, 3.1), 6.03 
(Hb, d, J3.1), 4.85 (He, t, J6.0), 3.4 (2 Hd, s), 2.92 (2 He, d, J6.0), 1.41 (3 H, s), 1.23 (3 
H, s).
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Experiment 27
Preparation of N-triphenylmethyl cycloadduct (178)
(178)
Procedure
The N-triphenylmethyl-N-(3-methylbut-2-enyl)furfiirylamine (175) (1.02 g,
2.5 mmol) was dissolved in dry dichloromethane (5 cm^). Dimethylacetylene- 
dicarboxylate (159) (1.775 g, 12.5 mmol) was added and stirred at room temperature 
for 120 h, monitoring the reaction by TLC as it proceeds.
After that time, both TLC and crude NMR indicated the presence of a new 
compound. The latter was isolated by column chiomatography (neutral silicagel /
dichloromethane) and the deshed product (177) was isolated as a white crystalline
solid. The latter was recrystallised with warm methanol and then characterised by 
NMR (Figure 46) and microanalysis.
Yield =0.12 g, 16%.
MPt =104-106®C.
ÔH (300 MHz, CDCI3) 7.51-7.16 (15 H, m, Ar), 6.74 (Ha, dd, J l .6 , 5.7), 5.92 
(Hb, d, J5.7), 5.15 (H e, dd, J l . 6 , 4.2), 4.75 (Ha, s), 4.58 (H e, s), 3.64 (3 H , s), 3.57 and 
2.53 (2 Hf, ABq, J13.0), 3.35 (Hg, d, J4.2), 3.25 (3 H, s), 3.06 (Hu, dd, J3.0, 11.7), 
2.94 (Hi, dd, J3 .0 ,12.0), 2.11 (Hj, dd, J1 1 .7 ,12.0), 1.76 (3 H, s).
Found: C, 76.3; H, 6.45; N, 2.5 %. C 3 5 H 3 5 N O 5  requhes C, 76.5; H, 6.4; N, 2 .6  %.
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SECTION D 
Non cvcloaddition and miscellaneous reactions
Experiment 28
Preparation of N-[(triphenyI)inetliyI]-N-(metliyl)furfuiylamine (181)
■C—N
(181)
Procedure
To diy THF (15 cm^) in a tlnee necked flask fitted with a dropping fiinnel and 
a double surface reflux condenser was added triphenylmethyl-N-fLirflirylamine (133) 
(1.5 g, 4.5 mmol). The flask was cooled by an ice bath to a temperature of -15®C. 
Butyllitliium in 2.5 M hexane (0.3456 g, 5.4 mmol, 2.16 cm^) was injected dropwise 
while the mixture was bemg stirred at such a rate that the reaction proceeded 
smoothly. The reaction was also carried out under a continuous flow o f dry nitrogen 
and extreme caie was taken to avoid moisture from entermg the flask. Wlien the 
addition of butyllithium was complete, the mixtuie was stirred for another half an 
horn* in the ice bath and then methyl iodide (0.96 g, 6.75 mmol) was added dropwise 
via the dropping fomiel. The mixtuie was stined at room temperature for 12 h.
After that time, TLC indicated incomplete reaction and thus the mixture was 
refluxed over a water bath for 2 h. Finally the product was extracted with 
dicliloromethane (50 cnf). The mixture was sepaiated, the organic layer dried with 
anhydrous sodium sulphate and the solvent removed at the rotaiy evaporator, N- 
[(triphenyl)methyl]-N-methylfurfurylamine (181) was obtained as a white crystalline 
solid. This was purified by column chromatography (silica gel / 50 % hexane / 
dichloromethane). It was recrystallised with hot ethanol and then chaiacterised.
Yield = 0.85 g, 54%
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M.pt = 100-102“ C
5h (300 MHz, CDCI3) 7.58-7.16 (16 H, m, Ar), 6.35 (1 H, dd, J1 .8 ,4.8), 
6.23 (1 H, d, J2.9), 3.29 (2 H, s), 2.03 (3 H, s).
F. A. B. mass spectrometry: Found 353.4420. C25H23NO requires 
353.463 
Experiment 29
Preparation of 3-hydroxy pyridine (184)
OH
(184)
Procedure
N-[(Triphenyl)methyl]-N-fiirfurylamine (133) (3.39 g, 10 inmol) was 
dissolved in methanol (20 cnf). An excess of saturated sodium caibonate solution 
(2 .1 2  g, 2 0  mmol) dissolved in water (2 0  cm^) was added and stirred in an .ice bath. 
Liquid bromine (1.6 g, 10 mmol) was added dropwise to the cold stilling mixture. 
After the addition, the solution was stined for another half an hour at room 
temperature. Dilute sulphuric acid was added and stined again for half an hour. The 
white precipitate of triphenylmethanol and triphenylmethoxide was then filtered off.
The filtrate was neutralised with aqueous sodium hydroxide. Water from the 
solution was then evaporated. To the residue, absolute ethanol was added, stined and 
the insoluble solid filtered off. The filtrate was evaporated whereby a white crystalline 
sublimate was formed at the neck o f the flask. The latter proved to be the deshed 
product (184) and was isolated as a white crystalline solid. It was chaiacterised by 
NMR and microanalysis.
Yield = 0.56 g, 30 %.
MPt =124-126“C, litmpt = 126-129“C
Sh (300 MHz, CDCU) 8.31 (Ha, dd, J0.9, 1.5), 8.11 (Hb, ddd, 71.5, 2.9, 6.5), 
7.31 (He, ddd, 71.5, 2.9, 6.5), 7.26 (% , dd, 71.2, 6.5).
Found: C, 63.4; H, 5.3; N, 14.45 %. C5H5NO requires C, 63.15; H, 5.3; N, 14.7 %.
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SECTION E 
Attempted preparation of supported systems
Experiment 30
Preparation of triphenyl methanol (165)
C—OH
Procedure
To diy THF (225 cm^) in a three necked flask fitted with a dropping funnel 
and a double surface reflux condenser was added magnesium turnings (13.25 g, 0,56 
mole). A crystal o f iodine was also added to the flask. Bromobenzene (80 g, 0.5 mole, 
54 cm^) was added dropwise via the di'opping funnel while the mixture was being 
stiiTed at such a rate that the reaction proceeded smoothly (cooled by an ice-bath 
whenever reaction became violent). The reaction was also carried out under a 
continuous flow of dry nitrogen and extreme caie was taken to avoid moisture from 
entering the flask. When the addition of bromobenzene was complete, benzophenone 
(91 g, 0.5 mole) dissolved in dry THF (50 cm^) was added dropwise. After the 
addition, the product was obtained as a wliite solid. The latter was dissolved in 30 % 
sulphuric acid (500 cm^), the latter being added diopwise, as the reaction was violent 
due to unieacted magnesium tuinings. Water (200 cm^) was then added followed by 
dichloromethane (200 cm^). The mixture was separated, the organic layer dried with 
anhydrous sodium sulphate and the solvent removed at the rotary evaporator. 
Triphenylmethanol (165) was obtained as a white crystalline solid. It was 
recrystallised with hot ethanol and then characterised by ^H NMR and microanalysis.
Yield = 110.4 g, 85%.
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M.pt = 161-163° C
ÔH (300 MHz, CDCI3) 7.31-7.17 (15 H, m, Ar), 2.75 (1 H, bs.).
ÔH (300 MHz, C D C I 3  + D 2 O )  7.31-7.17 (15 H, m. Ai).
Experiment 31
Protecting the hydroxyl group of 2-(4-bromophenyl)ethanol (198) with 2,3- 
dihydropyran (199) to give the corresponding tetraliydiopyran (200).
(200)
Procedure
2-(4-bromophenyl)ethanol (198) (2 g, 10 mmol) was dissolved in dry 
dichloromethane (20 cm^), A few crystals o f p-toluenesulphonic acid were added 
followed by 2,3-dihydropyran (199) (4.2 g, 50 mmol). The mixtui'e was sthred at 
room temperature for 3 h, monitoring the reaction by TLC thereby noting the 
appeai'ance of the less polar protected product (2 0 0 ).
After that time, the mixture was neutralised with sodium hydrogen carbonate, 
the organic layer separated and dried with anliydrous sodium sulphate. The solvent 
was removed at the rotary evaporator and the product purified by column 
chi'omatogiaphy (silica gel / dichloromethane) to give a pale yellow oil which was 
characterised as follows:
Yield = 1.65 g, 60%
ÔH (300 MHz, C D C I 3 )  7.39 (2 H, d, J8.3, Ar), 7,06 (2 H, d, 78.3, Ar), 4.57 (H, 
t, 73), 3.95-3,88 (H, m), 3.76 -3.69 (H, m), 3,61 -3.53 (H m), 3.48-3.41 (H, m), 2.85 
(2 H, t, 76.9), 1.82-1.62 (2 H, m), 1.55-1.50 (4 H, m).
Found: C, 54.5; H, 6.1; Br, 29.3 %. CisHnBrOi requires: C, 54.75; H, 6.0; Br, 
28.0 %.
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Experiment 32
Protecting the hydroxyl gi*oup of 2-(4-bromophenyl)ethanol (198) with 
triphenylmethyl chloride (136) to give the coiTesponding trityl ether (201).
O—C
(201)
Procedure
2-(4-Bromophenyl)ethanol (198) (0.3 g, 1.5 mmol) was dissolved in dry THF 
(10 cm^) and stined at room temperatnie with triphenylmethyl chloride (136) (0.5 g,
1.5 mmol) for 5 h after adding diisopropylethylamine (0.2 g, 1.5 mmol) as base. As 
the reaction was too slow, it was refluxed on a water bath for an hour. TLC indicated 
the formation of a very non-polar new compound, which was in fact, the protected 
bromo trityl derivative (201). The mixture was neutralised with dilute hydiocliloric 
acid, shaken with distilled water and extracted with dicliloromethane (2 x 20 cm^). 
The organic layer was dried with anhydrous sodium sulphate and the solvent removed 
at the rotary evaporator. The protected bromo trityl derivative (201) was obtained 
pure by column chromatogiaphy (silica gel / dichloromethane) as a white crystalline 
solid.
M .Pt =81-82'’C.
Yield = 0.4 g, 60 %.
ÔH (300 MHz, CDCI3) 7.32-7.05 (19 H, m, Ar), 3.26 (2 Hf, t, J6.6), 2.82 (2
Hg, t, J6.6).
Found: C, 73.2; H, 5.3 %. C27H23B1O requkes C, 73.1; H, 5.2 %.
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Experiment 33
Protecting the hydroxyl group of 2-(4-bromophenyl)ethanol (198) with 
trimethylsilyl chloride (203) to give the corresponding trimethylsilylether (204).
ÇH3
CH3 
(204)
Procedure
To a round bottom flask containing dry dichloromethane (30 cm^), 2-(4-bromo 
phenyl)ethanol (198) (5 g, 26 mmol) was added followed by diisopropylethylamine 
(3.3 g, 25 mmol) and trimethylsilyl chloride (203) (2.7 g, 25 mmol). The mixtme was 
stirred for 3 h at room temperature. The product was isolated as a pale yellowish- 
brown oil and characterised by NMR and mass spectrometry.
Yield = 5.8 g, 85 %
ÔH (300 MHz, C D C I 3 )  7.54 (2 H, Ar, d, J8.3), 7.22 (2 H, Ar, d, .78.3), 3.89 
(2 H, t, J7.0), 2.91 (2 H, t, J7.0), 0.20 (9 H, s).
Found; C, 48.04; H, 5.92 %. CnHiyBrOSi requires: C, 48.35; H, 6.27 %.
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Experiment 34
Preparation of the diol (linker) (189)
HO—C
Hf Hf
(189)
Procedure
To the l-(bromophenyl)-4“ trimethylsilylethoxide (204) (6.5 g, 23.8 mmol) in 
dry THF (20 cm^), 1.2 equivalent of dry magnesium turnings (0.685 g, 28.56 mmol) 
was dropped and then left to reflux for 12 h under an atmosphere of argon.
After that time, the mixture was cooled and syringed out in another sealed 
flask. Benzophenone (195) (4.33 g, 23.8 mmol) dissolved in dry THF (20 cm^), was 
added and then refluxed for 15 h again under an atmosphere o f argon. Then the 
Grignard reaction product was rapidly quenched with acid to pH 6, extracted and 
immediately neutralised to give mainly the trimethylsilyl protected derivative (208). 
The latter was then stined with a 10-fold excess o f TBAF at room temperature for 10 
h in dry dicliloromethane (30 cm^). After that time, water was added and stirred for 5 
minutes. The organic layer was separated, dried and the solvent was removed at the 
rotary evaporator. Before complete removal o f the solvent, the diol linker (189) 
crystallised out. It was characterised by ^H NMR (Figure 51a and Figure 51b) and 
mass spectrometry.
Yield =2.2 g, 40%
M .Pt =118-120^C
ÔH (300 MHz, CDCI3) 7.32-7.16 (14 H, m, Ar), 3.88 (2 Hf, t, J6.3),
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2.88 (2 Hg, t, J6.5), 1.55 bs.), 1.37 (Ht, t, J5.8).
ÔH (300 MHz, C D C I 3  + D 2 O )  7.32-7.13 (14 H, m, Ar), 3.86 (2 Hf, t, J6.5),
2.87 (2Hg,t, J6.5).
F. A. B. mass spectrometry: Found 304.1457 C21H20O2 requires MT 
304.1463.
Experiment 35
Preparation of the tosyl derivative of the dihydric alcohol (209)
Ha
= \  H g Hg
HO—I
(209)
Procedure
The dihydi'ic alcohol (189) (0.2 g, 0.66 mmol) was added to pyridine (8 cm^) 
followed by tosyl chloride (145) (0.125 g, 0.66 mmol). The mixture was stined at 
room temperature for 10 h.
After that time, the reaction was quenched with ice water whereby the pale 
yellow clear solution changed to a white precipitate. The mixture was dissolved in 
dichloromethane and the aqueous layer, which contained the pyridine hydrocliloride, 
was separated. The organic layer was then washed with 2 N dilute hydrochloric acid 
(3 X 10 cm^), distilled water (15 cm^), dried with anhydrous sodium sulphate and the 
solvent removed at the rotary evaporator. Column chromatography (silica gel / 
dichloromethane) gave tln*ee ftactions. Hie fhst ftaction proved to be the unieacted 
tosyl chloride, the second fraction was the desired tosyl derivative (209), and the third 
one was unreacted düiydric alcohol. As the yield was very low, the experiment was 
repeated using a different procedure.
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The dihydric alcohol (0.61 g, 2 mmol) and tosyl chloride (0.38 g, 2 mmol) 
were dissolved in dry dichloromethane (15 cm^) and stirred with 1.1 equivalent of 
triethylamine (0.22 g, 2.2 mmol) for 24 h.
After that time, the mixture was neutralised with bench sodium hydroxide, 
washed with water, dried with anhydrous sodium sulphate and the solvent removed at 
the rotary evaporator. Column chromatography (silica gel dichloromethane) again 
gave three fractions with almost half o f the initial starting compounds recovered. 
However, the desired tosyl derivative was characterised by NMR (Figure 52) and 
microanalysis.
Yield
MPt
: 0.279 g, 30%  
= 93-95®C.
ÔH (300 MHz, CDCI3) 7.69 (2 Ha, d, J8.3), 7.32-7.17 (14 H, m, Ar),
7.05 (2 Hb, d, 78.3), 4.19 (2 Hf, t, 77.1), 2.95 (2 Hg, t, 77.1), 2.75 (1 H, bs, 
exch. D2O), 2.42 (3 H, s).
Found: C, 73.5; H, 5.6 %. C28H26O4S requires: C, 73.3; H, 5.7 %.
Experiment 36
Preparation of the methyl derivative of the dihydric alcohol (210)
HO
(2 1 0 )
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Procedure
The diol (189) (0.25 g, 0.82 mmol) was dissolved in diy THF (15 cm^) and 
stirred at -78®C in an inert atmosphere. Butyllithium (2.5 M) m hexane (0.66 cm^,
1.64 mmol) was added via a syringe and stirred for 30 minutes. A five-fold excess of 
methyl iodide (0.58 g, 5 mmol) was then injected into the mixture and stiired for 15 h.
After that time, the excess methyl iodide was removed at the rotary 
evaporator. Dichloromethane (30 cm^) was added, shaken with water (100 cm^), 
separated and the organic layer dried with anhydrous sodium sulphate. The solvent 
was removed at the rotary evaporator to get the desiied methyl derivative o f  the 
dihydric alcohol (210) as a thick yellow gum. This was characterised by *H NMR and 
microanalysis.
Yield : 0.16 g, 61 %
ÔH (300 MHz, CDCI3) 7.44-7.13 (14 H, m, Ar), 3.74 (2 H, t, 76.4),
3.60 (2 H, t, 76.4), 3.05 (3 H, s).
Found: C, 83.1; H, 6.9 %. C22H22O2 requires C, 83.0; H, 7.0 %.
Experiment 37
Preparation of the tosyl derivative of 2-phenyl ethanol (214)
(214)
Procedure
Phenyl ethanol (213) (3.05 g, 25.0 mmol) was added to dry dichloromethane 
(15 cm^) and placed in an ice bath. Pyridine (2.73 g, 30 mmol) was added followed by
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tosyl chloride (145) (4.76 g, 25.0 mmol). The mixture was stirred at room temperature 
in dry dichloromethane for 15 h.
After that time, the reaction was quenched with ice water whereby the pale 
yellow clear solution changed to a white precipitate. The mixture was dissolved m 
dichloromethane and the aqueous layer, which contained the pyridine hydrochloride, 
was separated. The organic layer was then rapidly washed with 2 N dilute 
hydrochloric acid (3 x 1 0  cm^), distilled water (15 cm^), dried with anhydrous sodium 
sulphate and the solvent removed at the rotaiy evaporator. The deshed tosyl 
derivative (214), was obtained as a white crystalline solid which was recrystallised in 
water. It was characterised by 'H  NMR and microanalysis.
Yield : 5.3 g, 77 %
MPt =32-33°C.
ÔH (300 MHz, CDCI3) 7.68 (2 H, d, J8.2, Ar), 7.33-7.18 (5 H, m, Ar), 7.05 (2 
H, d, 78.2, Ar), 4.19 (2 H, t, 77.1), 2.95 (2 H, t, 77.1), 2.41 (3 H, s).
Foimd: C, 64.8; H, 5.8 %. C15H 16SO3 requhes C, 65.2; H, 5.8 %.
Experiment 38
Attempted preparation of the diol derivative of phenyl ethanol (215)
HO—C
(215)
Procedure
The diol (189) (0.30 g, 1 mmol) was dissolved in dry THF (10 cnf) and stirred 
at -78^C in an mert atmosphere. Butyllithium (2.5 M) in hexane (0.8 cm^, 2 mmol)
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was added via a syringe and stirred for 30 minutes. Finally the tosylated phenyl 
ethanol (214) (0.28 g, 1 mmol) dissolved in dry THF was injected into the mixture 
and stirred again for another 30 minutes allowing the mixture to reach room 
temperature. It was then refluxed for 5 h, monitoring by TLC after every half an hour. 
Unfortunately, no sign of any product was visible, as reaction did not occur.
Experiment 39
Preparation of the tosyl derivative of 1-butanol (221)
(221)
Procedure
1-Butanol (220) (1.48 g, 20.0 mmol) was added to dry dichloromethane (20 
cm^) and triethylamine (5.05 g, 50 mmol) was added followed by tosyl chloride (145) 
(9.525 g, 50.0 mmol). The mixture was stirred at room temperature in dry 
dichloromethane for 15 h.
After that time, the reaction was quenched with water and extracted in 
dichloromethane. The organic layer was then rapidly washed with 2 N dilute 
hydrochloric acid (3 x 20 cm^), distilled water (050 cm^), dried with anhydrous 
sodium sulphate and the solvent removed at the rotary evaporator. The deshed tosyl 
derivative (221), was obtained as a colourless oil after column chr omatography (silica 
gel / 50 % hexane : dichloromethane). It was characterised by NMR and 
microanalysis.
Yield : 2.82 g, 62 %
ÔH (300 MHz, C D C I 3 )  7.79 (2 H, d, J8.2, Ar), 7.35 (2 H, d, J8.2, Ar), 4.03 (2 
H, t, J6.5), 2.45 (3 H, s), 1.60 (2 H, m), 1.35 (2 H, m), 0.86 (3 H, t, JIA).
Found: C, 57.8; H, 7.0; S, 14.0 %. CnHigSOs requhes: C, 57.9; H, 7.1; S, 14.1 %.
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Experiment 40
Attempted preparation of the diol derivative of 1-butanol (222)
(CH2 )3 — CH3
(222)
Procedure
The diol (189) (0.30 g, 1 mmol) was dissolved in dry THF (10 cm^) and stiiTed 
at -78°C in an mert atmosphere. Butyllithium (2.5 M) in hexane (0.8 cm^, 2 mmol) 
was added via a syringe and stirred for 30 minutes. Finally the tosylated butanol (221) 
(0.23 g, 1 mmol) dissolved in dry THF was injected into the mixture and sthred again 
for another 30 minutes allowing the mixture to reach room temperature. It was then 
refluxed for 24 h, monitoring by TLC at regular- time intervals. Unfortunately, no sign 
o f any product was visible, as reaction did not occur.
Experiment 41
Preparation of the pentyl derivative of diol (224)
W ~ \/° -(C H 2 )4 -C H 3
(224)
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Procedure
The diol (189) (0.30 g, 1 mmol) was dissolved in diy DMF (10 cm^) and 
StiiTed at room temperatui'e in an inert atmosphere of dry nitrogen. Sodium hydi ide 
(0.1 g, 2.5 mmol) was added and stiired for 3 h. Finally the 1-iodo pentane (223) 
(0.198 g, 1 mmol) was injected into the mixture and stirred at 80®C for 2 h.
After that time, water was added slowly with cooling under ice. The product 
was extracted in dichloromethane, dried with anliydious sodium sulphate and the 
solvent removed at the rotary evaporator. The desired pentyl derivative o f the diol 
(224) was isolated by column chiomatography and characterised.
Yield : 0.2 g, 53 %
ÔH (300 MHz, CDCI3) 7.45-7.13 (14 H, m, Ar), 3.61 (2 H, t, J7.3), 3.03 (2 H, t, 
76.6), 2.86 (2 H, t, 77.3), 1.64-1.52 (2 H, m), 1.36-1.21 (4 H, m), 1.31 (1 H, sbr.,),
0.91-0.80 (3 H,m).
Experiment 42
Preparation of the tosyl derivative of Tentagel (211)
(211)
Procedure
Tentagel (185) (5.06 g, 1.32 mmol) was added to dry dichloromethane (30 
cnf) and stiiTed at room temperature for 48 h with four equivalent o f tosyl chloride 
(145) (1.0 g, 5.28 mmol) in the presence o f six equivalent of triethyl amine (0.8 g, 
7.92 mmol) as base.
After that time, the mixture was washed thoroughly with water (200 cm^), then 
with dichloromethane (100 cm^) and then diy THF (50 cnf). It was then left to diy in 
a dessicator for 2 days m the presence o f phosphorus pentoxide. Sulphur analysis
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indicated 0.62 % of sulphui* was present, which means that 77.5 % of the tosylated 
Tentagel (211) was formed.
Experiment 43
Preparation of the iodo derivative of Tentagel (225)
(225)
Procedure
Potassium iodide (4 g, 24 mmol) was stiired with dry acetone (130 cnf) for 1 
h. Tosylated Tentagel (211) (5.15 g, 1.2875 mmol) was added to the stiiring mixture 
and then reflux for 15 h.
After that time, water (200 cm^) was added, shaken and then filtered o ff The 
solid was washed with more water (200 cm^), dicliloromethane (200 cm^) and then 
with dry THF (50 cm^), after which it was left to dry in a dessicator in the presence of 
phosphorus pentoxide.
Microanalysis indicated 2.92 % of  iodine present, which means that the 
Tentagel was converted to the iodo derivative to the extent of 94 %.
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Experiment 44
Linking the diol (189) to form the solid support (188)
C—OH
(188)
Procedure
The diol (189) (1.06 g, 3.51 mmol) was dissolved in dry DMF (20 cm^) and 
StiiTed at room temperature in an inert atmosphere o f dry nitrogen. Sodium hydride 
(0.42 g, 17.5 mmol) was added and stirred for 3 h. Finally the iodo Tentagel (225) 
(4.75 g, 1.17 mmol) in dry DMF (20 cm^) was added into the mixture and stirred at 
80^0 for 15 h.
After that time, water was added slowly with cooling under ice until 
effervescence stops. The solid support (188) was then filtered off. It was washed with 
dichloromethane (200 cm^) and then with dry THF (50 cm^), after which it was left to 
dry in a dessicator in the presence o f phosphorus pentoxide.
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Experiment 45
Preparation of the chloride of the solid support (191)
C—Cl
(191)
Procedure
The solid support (188) was just stiiTed with concentrated hydrochloric acid 
for 1 h at room temperatui e whereby the chloro derivative of the support was formed. 
It was washed thoroughly with water, and then with diy THF (50 cm^), after which it 
was left to diy m a dessicator in the presence of phosphorous pentoxide. 
Microanalysis indicated 0.34 % of chlorine present, which means that the Tentagel 
was converted to the cliloro derivative to the extent of only 40 %.
Experiment 46
Attempted preparation of the cycloadduct (194) using the solid support
H H
(194)
Procedure
The chloro derivative of the solid support (191) (4.2 g, 1.0 mmol) was stiired 
with N-allylfuiylamine (118) (0.411 g, 3 mmol) m dry dichloromethane (30 cm^) for 
5h.
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After that time, the solvent and excess amine (118) were filtered off. The 
product was washed thoroughly with water, dichloromethane (200 cm^) and then with 
dry THF (50 cnf), after which it was left to dry in a dessicator in the presence of 
phosphorus pentoxide. Finally it was refluxed hi toluene (30 cm^) for 15 h.
After that thne, the toluene was filtered off. The solid was warmed at 40^C 
with a mixture of ethanol and bench sulphuric in the ratio of 3 : 1 for 10 minutes. It 
was then filtered and the filtrate neutralised with bench sodium hydroxide. The 
organic component was extracted with dichloromethane, dried by sodium sulphate 
and the solvent removed at the rotaiy evaporator.
Unfortunately, the amine cycloadduct (194) was not present.
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